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Experiments carried out under partly unknown conditions have in many cases led to results
which are valueless or difficult to interpret, the trouble and time expended on them thereby
being lost. The same is the case in the field of plant-physiology, where so many factors are
of influence. With the greenhouse described here all the main factors are well under control,
so that it will undoubtedly prove valuable for obtaining reproducible results in this field.

/

The development of a plant depends upon a
a number of factors, the most important of which
are light (its intensity and colour, and also the
length of time during which the plant receives
light), temperature, the amount of moisture and
of carbon dioxide in the air, and the composition

of the soil. In order to study the effect of these -

factors upon plant growth it must be possible to
control each one of them separately. Where plants
are allowed to grow naturally there can be hardly
any question of such a control, particularly in a
capricious climate, so that the results of any in-
vestigation undertaken will scarcely be reprodu-
cible. With the hothouses or greenhouses commonly
used it is possible to exercise some control over
conditions but not by any means to the extent
desired; think, for instance, of the sunlight, which
is so unreliable, and the temperature, often rising
in the summer higher than one would wish.

Now, in order to make it possible to study the
behaviour of plants under well controllable condi-
tions, Philips Laboratories have built a number of
“greenhouses’ in which the entirely artificial liéhting
can be adjusted in intensity, spectral composi-
tion and duration, and the temperature, the humi-
dity and the CO, content of the air can be controlled
within certain limits. Fig. I is a sketch of such a
greenhouse having a floor space of 1 m X 1.5 m and
a height of 1.5 m. Here a description will be

given of these greenhouses, one of which is depicted
in fig. 2.
Light

The lighting is by means of tubular fluorescent
lamps (TL lamps) of 40 W, of which there are
eleven on each of the two sides and eight at the top.

This arrangement gives a very favourable distri-
bution of the light: small plants, or the bottom

Jleaves of larger ones, are not overshadowed by

tall plants or, respectively, by the top leaves.
When all thirty lamps are alight the intensity
of the light is approximately equal everywhere
inside the hothouse, amounting to about 60-70
W/m? (10,000-12,000 lux).. .

The lamps can be switched on and off in groups
of three, so that one can work with lower intensities.
The lamps on the two sides alone yield more than
sufficient light for the normal growth of most plants,
the wattage then amounting to about 1 kW per
1.5 m? floor area. Only in the case of some tall-grow-
ing plants, like the Poinsettia, was it found
desirable to use also the top lamps.

As to the spectral composition of the light,
this can be greatly varied by employing different
kinds of TL lamps. In the first place there are the
normal types available, known as “warm-tone”,
“white” and “daylight”, the spectrum of the first-
mentioned type containing a relatively large amount
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‘of red and yellow, whilst that of the “daylight”

type contains a fair amount of blue; the colour
. temperatures of these three types are respectively

about 2900, 4000 and 6500 °K. Then there are other,

special, TL lamps that can be used, which are

lined with phosphors producing, for example, a

bluish, greenish or reddish light. By mounting -
- different lamps in the same greenhouse a light can
be obtained in practically any desired tint.

162m
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Temperature ’ ‘ :
Although TL lamps radiate comparatively little
heat, the temperature inside the greenhouse might
rise to too high a level (up to 35 °C with normal
ambient temperature) if there were no means of
carrying off the heat. Provision has therefore been
made for this by arranging for tap-water to flow
down the outer side of the glass panes separating
the TL lamps from the space within which the plants
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Fig."1. Sketch of the greenhouse, front and side views. a inlet of pipe water for cooling, b
water outlet, ¢ TL lamps (30 in number), d mercury lamps (three), e starters for the lamps
(in groups of three), f discharge channel for the cooling water, g openings for carrying off
condensation water and inlets for air, for CO, and for the electric current for heating.

In the designing of the greenhouse account has
been taken not only of thé possibility of lighting
it. with- TL -lamps, but also of the possibility of
lamps being used which radiate too_much infra-red
for plants, such as high-power incandescent lamps.
For the latter case provision has been made for a
relatively deep layer of water to be introduced at.
the top of the greenhouse with a view to absorbing
the greater part of the infra-red rays coming from
the lamps ‘installed above the_ water. - ‘
.- Another very important factor is the length
of time during which the plants are daily exposed
to the light ). This period of time can be 'set to
any length by means of a time-switch (seen in fig. 2).

1) For some of the problems relating to this photo-
periodicity see, for instance, R. van der Veen,
Influence of light upon plants, Philips Techn. Rev. 11,

. pp. 43-49,1949/50 (No. 2). .

are growing. By means of cocks in the inlet pipes
the temperature inside the greenhouse can be regu-
lated between 35 °C and 17 °C. While the TL lamps
are switched off the temperature level can be main-
tained by switching on some incandescent lamps
mounted under the floor of the greenhouse so that
their light does not reach inside.

At first some trouble was experienced from algae
growth in the cooling water. These algae come from
germs which are always present in tap-water.
They form a green deposit on the glass and make it
necessary to clean the panes thoroughly at least
once a week. This algae growth has now been pre-
vented by mounting between the TL lamps on
each of the two sides and at the top a mercury
lamp (TUV lamp, d in figs 1 and 3),.the pltra-viblei{:
rays from which kill the algae; the plants inside the
greenhouse are not affected by these ultra-violet

N
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Fig. 2. Front of the greenhouse. On the left the switchboard
with plug sockets to which the TL lamps can be connected
in groups of three, and with a time-switch for regulating the
daily exposure to light. On the left at the bottom: supply
lines for air and carbon dioxide.

rays because the glass panes hold them back.

Owing to the cooling there is a great deal of con-
densation on the inside of the glass panes. The
water from this condensation is collected in gutters
leading outside the greenhouse; it appears to be free
of algae germs, so that — once the panes have been
thoroughly cleaned — there is not usually any algae
growth, notwithstanding the absence of ultra-
violet rays on the inside.

Humidity and CO, content of the air; nature of the soil

The greenhouses are connected to a compressed-air
line supplying dry air. The more of this air that is
allowed to flow through the greenhouse, the lower is
the degree of humidity, so that in this way the
moisture content of the air inside can be controlled.
The normal flow of air supplies an amount of carbon
dioxide that is usually sufficient for the growth of
the plants, but the CO, concentration can be in-
creased when required from a carbon dioxide line
likewise connected to the greenhouse. Both lines can
be fed from steel cylinders.
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Of course attention has also to be paid to the
soil in which the plants are set. This factor, however,
can be eliminated by applying techniques of water
culture, for which provision has also been made
in the designing of these greenhouses. One is then
independent not only of the climate but also of
the soil.

Some results

It is not the place here to go deeply into the re-
sults obtained, but some examples may be given
to illustrate what can be attained with these
greenhouses.

The first experiments were made with cucumber,
tomato, Chrysanthemum, Poinsettia, Phlox,
tobacco, lettuce and balsam plants. All these kinds
of plants showed normal development and were
cultivated in the greenhouses from seedlings toflower-
ing and fruit-bearing plants (see, for instance, the

Fig. 3. A greenhouse with Coleus and Petunias. A TUV
lamp (d) is to be seen between the TL lamps. The ultra-violet
rays from this mercury lamp kill the algae which otherwise
form a deposit on the glass panes along which the cooling
water flows.
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Fig. 4. Flowering and fruit-bearing cucumber and tomato
plants cultivated from seedlings in the artificial climate of the
greenhouse.

tomato and cucumber plants illustrated in fig. 4).
The influence of the colour of the light is clearly
demonstrated by the
plants in fig. 5: lack of blue rays results in tall
but spindly plants with few branches; light that is
rich in blue rays, on the other hand, produces stocky,
strong specimens with an abundance of offshoots.

tomato and sweet-pea

Finally fig. 6 gives an example of the influence of
photoperiodicity upon Coleus, a typically long-day
plant (see the article quoted in footnote ')). Daily
exposure to long hours of light (or continuous light
as applied in the case of the specimen on the left
in the photograph) promotes the development of
this plant and gives the leaves a beautiful dark-red
colour with a bright-green edge. Nine hours of
light per day resulted in a less sturdy plant and the
colours were paler.

For botanical and horticultural laboratories a
number of greenhouses as described here will prove
a useful and valuable addition to the equipment
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available, especially where physiological experiments
are conducted. These greenhouses also lend them-
selves excellently for experiments in connection with
photoperiodicity (see the article referred to in
footnote 1)).

b

Fig. 5. a) Tomato plants exposed to light of a different spec-
tral composition, but otherwise cultivated under the same
conditions and of the same age. The plant on the left has been
exposed to a predominantly blue light, the middle one to
green and the one on the right to red light (the last two with
a deficiency of blue). Blue light checks the growth but produ-
ces sturdy plants with plenty of offshoots and dark-green
leaves. A deficiency of blue light makes the plants grow
spindly, with 'ight-green leaves. b) The same for sweet peas.
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Of course it goes almost without saying that these
greenhouses are not intended for horticulture. For

nursery work it is generally more advantageous

Fig. 6. Two equally old Coleus plants (a species of long-day
plant), the one on the left exposed to continuous light and
that on the right to nine hours light per day but otherwise
treated in the same way. The specimen continually exposed
to light is stockier and has better coloured leaves.
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to use normal glasshouses, where full benefit can
be derived from sunlight and in which artificial
lighting is only employed in the winter months
to make up for the shortage of daylight.

Summary. In order that experiments can be carried out in
regard to the processes of plant growth under well-defined
conditions, a greenhouse has been constructed in which a num-
ber of factors affecting the plant are fully under control. The
entirely artificial lighting is derived from 30 TL lamps giving
a uniformly distributed light of 60 to 70 W/m2 (10,000 to
12,000 lux) in a space of 1 m X 1.5 m X 1.5 m. Practically
any spectral composition can be obtainied by using TL lamps
lined with different phosphors. A time-switch provides for
an adjustable daily exposure to light. The temperature inside
the greenhouse can be controlled between 17 °C and 35 °C by
regulating a supply of water from the mains which is made
to flow down the outside of the glass walls. Algae growth in
the cooling water is prevented by the ultra-violet radiation
from three mercury lamps (TUV lamps). When the lighting
is switched off the temperature can he maintained by electrical
heating. The humidity and the CO, content of the air can be
separately regulated. Experiments with a large number of
species have shown that under these artificial conditions
seedlings can be raised successfully to flowering and fruit-
bearing plants.
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THE INFLUENCE OF TEMPERATURE ON THE FLUORESCENCE OF SOLIDS -

by F. A. KROGER and W. de GROOT. .

535.371

The efficiency of the fluorescence of solids has become of particular importance in illu-
mination engineering since fluorescent lamps came into use. In this connection it is of special
interest to know how this property varies with temperature. Generally speaking it appears
that efficiency decreases with rising temperature, i.e. at high temperatures fluorescence dis-
appears. A study of this quenching is of importance for gaining an insight into the process

of fluorescence, especially when the efficiency is measured in combination with the

delay time as a function of temperature,

Introduction

The fluorescence of _gas'es, solutions and solids
under irradiation with visible or ultra-violet
rays 1) 2) 3) is closely related to the absorption of that
light in the system irradiated. The absorption of
a quantum of light (photon) in an atom or molecule
of a gas, in an ion or molecule in solution or in a
crystal increases the energy of the system, lifting
an electron into a higher quantum state. What
happens further with such an “excited” electron
depends upon the circumstances. In the simplest
cases it returns to its original state, the energy
obtained from the absorption of a photon being
wholly or partly radiated again in the form of a
photon. This phenomenon is called fluorescence,
and in the case where the absorbed energy is
entirely radiated again one also speaks of re-
sonance. :

It often happens, however, that the “excitation
energy”’ obtained from absorption is not converted
into a photon but into some other form of energy.
This may even be the case with a mono-atomic
gas. An example is the querching of the resonance
radiation in sodium vapour by the addition of a
. foreign gas, such as nitrogen. Wheq an excited

Na-atom collides with an N,-molecule there is a

chance of the excitation energy being transmitted

to that molecule and transformed into kinetic
energy, or into vibrational or rotational energy.

In the case of multi-atomic gases and of mole-
_cules in solution the process of fluorescence is
likewise often replaced by a radiation-less process,

the excitation energy being converted inté vibra-

tional energy, dissociation energy, or energy required
for a chemical reaction, etc.

1) W. de Groot, Philips Techn. Rev. 3, '125-132, 1938.

2) J. H. Gisolf and W. de Groot, Philips Techn. Rev.
3, 241-247, 1938.

3) TF. A. Kréger, Philips Techn, Rev. 6, 349-358, 1941.

. molecular vibrations.

In the case of acetone vapour it is known, for
instance, that only three fluorescence photons are’

- emitted against 100 absorbed ultra-violet photons,

the excitation energy from the remaining 97 pho-
tons being converted in one way or another into

In the case of solutions such a “quenching”
may arise when an excited molecule collides with
a non-excited molecule of the same kind or with
a molecule of the solvent. Therefore, in order to
get a highly fluorescent solution a solvent has to
be chosen whose molecules have little or no in-
fluence upon the excited molecules of the fluores-
cent substance. There may also be chemical reac-
tions competing with the process of fluorescence,
a known example of this being the extinction of
the fluorescence of an aqueous solution of fluor-
escein by KI, whereby an I(H,0) ion is split
into I + H 4+ OH™ at the cost of the excitation
energy of a fluorescein molecule.

Fluorescence and quenching in the case of solids

In the case of solids the situation is rather more
complex. In some cases a fluorescent solid contains
atoins or ions, as for instance those of the rare
earths or manganese, or groups of atoms, like UO,
or WO,, which absorb light selectively. This in-
cludesboth simple compounds, e.g. CeF;, UO,(NO;),,
CaWO,, and mixed crystals such as (Zn,Mn),SiO,.
To these belong also substances like ZnS, which
become fluorescent by the addition of a small
quantity of a foreign metal (Cu, Ag) usually
incorporated “in the sulphide lattice as chloride
(CuCl, AgCl). In the case of sulphide phosphors

" the permissible concentration of the admixture

is very small (10™° to 107" atom 9, per molecule
of the base material), whereas with manganese
phosphors this concentration is greater (0.1 to 10



JULY 1950

at. %). The active atom in the admiixture (such

as Mn or Cu in the examples given) is called the
activator.

When such a substance is irradiated and the
rays are absorbed at a wavelength within the selec-
tive absorption range of the atoms, ions or groups
of atoms referred to, then the process of fluorescence
resembles very much that taking place in a gas
or in a solution. Quenching of the fluorescence
might occur here when interaction takes place
between the excited atom or ion or the activated
group of atoms and the surrounding crystal lattice.
The energy accumulated in the centre of fluor-
escence owing to the absorption of a photon is
then entirely converted into vibrational energy
of the neighbouring atoms of the crystal lattice
and ultimately into vibration of the whole lattice,
thus into heat. ‘

Every crystalline substance, whether or not it
contains atoms or groups of atoms capable of acting
as centres of fluorescence, shows absorption in a
certain wavelength range due to the crystal lattice
as such and not to any particular centres. When
a photon is absorbed in such a wavelength range
then an electron of the crystal lattice is brought
into a “band” of greater emergy. In a few cases
also this energy may immediately be radiated again
in the form of a photon (an example is the green
fluorescence of CdS at —180 °C). In the case of
the phosphors just mentioned, however, the ex-
citation energy absorbed by the crystal lattice
is mostly first transmitted from the crystal lattice
to one of the activator centres present in the lattice.

Sometimes, in addition to the activator, there is also a
second kind of atom, the sensitizer, with its own specific
absorption. The energy absorbed by this atom is transmitted
to the activator centre. An example is calcium phosphate
with Ce (sensitizer) and Mn (activator), or calcium silicate

with Pb(s) and Mn(a). The sensitizer may itself also cause

fluorescence. In the cases mentioned for instance both Pb
and Ce fluoresce in the ultra-violet.

With solids, therefore, there may be a great
variety of mechanisms of fluorescence due to one
or more non-radiating transmission processes taking
place between the primary process (absorption of
a photon) and the ultimate process of fluorescence
(the emission of a photon). Moreover there may also
be non-radiating processes whereby the whole of the
excitation energy is converted into lattice energy,
resulting in quenching and absence of fluorescence.
The counteraction between the useful and the

*useless non-radiating ' processes determines the
quantum efficiency (the number of fluorescent
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photons per photon absorbed). Since, as will be
shown, the probabili‘ty of any non-radiating
process taking place is a certain function of the '
temperature, the quantum efficiency may either
increase or decrease with rising temperature.
Given a sufficiently high temperature, quenching
processes as a rule predominate, so that ultimately
the efficiency is reduced, and at very high tempe-
ratures even drops to zero.

Closely related to the influence of temperature
upon the quantum efficiency is a second phenomenen,
namely the influence of temperature upon the
variation of the intensity of the fluorescence with
time after irradiation has ceased, thus upon the
decay. '

What has been dealt with above qualitatively
will now be explained quantitatively with the aid
of some simple theoretical hypotheses, whilst
something will also be said about the measurement
of the quantities and the conclusions to be derived
from the results. -

The relation between efficiency and decay?)

Suppose we have a centre irradiated with the
wavelength that is absorbed by that centre. We
then have the situation as represented in fig. 1.

Through absorption of a quantum an electron is

raised from the original state (0) to a higher quan-
tum state (I). The energy of the centre increases
from E, to E,. Let it be possible for the centre

E,

S
9

abs. em.

g ———————

Ep

. 6I458 "

Fig. 1. Absorption and emission in the case of a single excited
state (1). In addition to the emission ( ) also a radia-
tion-less transition (———) is indicated. E = energy.

to return to the state 0 under the emission of a
photon. If there is no other possibility then the
quantum efficiency equals 1, i.e. a photon is
emitted for every photon absorbed. ’

“4) It is expressly pointed out that in this article by “decay”

is meant only the, usually short, decay of the fluorescence
and not the, mostly long, decay of phosphorescence,
which is governed by other factors and, for instance, is
dependent upon the temperature in an entirely different
way. :
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In fig. 1 it has been assumed, for the sake of simplicity,
that the energy of the photon emitted is equal to that
of the absorbed photon. This is the resonance, already men-
tioned, occurring in the case of mono-atomic gases (e.g.
sodium vapour).

In all other cases, as with molecules and especially with
solids, the situation is usually more complicated (see fig. 2).

Owing to the absorption of a photon the centre undergoes

a change into the state 1. Usually this absorption is immediately

. / E,
oliss.
!
1 ] EI 4
abs. em. diss.
’ 0 — E,
oiss
(4] E,

4F1g 2. Explanation of the difference in frequency between
emission and ahsorption in comp051te systems (molecules in
solution, and solids; Stokes’s rule). Radiation-less Processes
are represented by dotted lines.

followed by a non-radiating transition to a lower state of
energy 1'. The states 1 and I’ may, for instance, be two
vibrational states belonging to the same electron state. The
emission process will be a transition from the state 1’ to the
state 0’, which usually differs from 0. This is immediately
followed by the tramsition 0'—> 0, again without emission.

The energy differences E; — Ej, and E; — E|, are imparted
to the crystal lattice as vibrational energy. As a result the
emitted quantum hye, is less than the absorbed quantum
hvabs (Vem < ¥abs OF Aem > Aabss Stokes’s rule). This results

in a decrease of the energy efficiency in the ratio vey: Vabss

even if each absorption process leads to the emission of a
photon. The quantum efficiency however remains equal to 1.

Let us now consider the process of fluorescence
as a function of time. The number of centres in the
state I is denoted by n and the number of photons
absorbed per second by A. Further, for an electron
in state I the probability of a transition to the
original state under the emission of a photon in
the interval of time d¢ is taken to be equal to y.dt.
For n we then have the equation

dn = A dt — y;n de,
or
dn
—_—=A— B ¢ |
P yin ' (1)
When irradiation is continued a long time, a sta-
tionary state is reached for which dn/dt = 0 and

thus n is constant (= n,):

ny = Al
The number of photons emitted per unit of time is
then ymy, = 4, as is obvious, since thé quantum
efficiency is 1.,
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When the irradiation is stopped at a certain
moment and the time is counted from that moment
onwards (¢t = 0) then for ¢t > 0

dn . .
5:—-)},771......... (2)

and

n=mngexp (—yet). . .. . (3)
The number of photons emitted per unit of time
then amounts to

ven = ygng exp (— ;1) = A exp (— yet).  (4)

Thus the fluorescence decreases exponentially
with time, and the greater the value of y;, the more
rapid is the decay.

This case shows a strong resemblance to the
acoustical problem of reverberation 5) and, further,
to a large number of physical phenomena based
on a formula similar to (2). In particular we
would -mention, in view of what follows, the dis-
charge of a capacitor with capacitance C and
charge Q via a resistance R, where

dg Q

dt CR

and thus Q@ = Q, exp (—dt), with § = 1/RC.
A suitable méasure for the duration of the decay
or, in the case of the capacitor, the duration of
the discharge, is the reciprocal value of the constant
occurring in the exponential function (thus 1/y;
and 1/6 respectively), i.e. the time in which the
quantity in question has diminished to 1/e = 0.37
of its original value. )

Let us assume that in cddition to the fluorescence
transition a dissipation process is also possible,
with probability constant p4. This means that the
probability of an excited centrum giving off its
energy to the crystal lattice, without emission,

-in the interval of time dt, is y,d¢. Then, with con-

stant irradiation,
dn

FP =Ad—(ye+ydn.. ... (5)

. In the stationary case (dﬁ/dt = 0) the number of

excited centres is now ny = A4/(y; + ;) and the
number of photons emitted per unit of time is

peng = 4 ———.
' Vf‘l’ Ya
The quantum efficiency now apparently is
1
__ ¥ _ <1
Yet+ve 14 yalve

5) See W. Tak, Philips Techn. Rev. 8, 82-88, 1946.
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At the same time there is also a change in the time

law governing the decay of the fluorescence after
the irradiation has stopped, for then -
“dn
x (e + Vd).n’
so that

n = ny’ exp [— (ye + 7a) ] -
The number of pilotons emitted ‘per unit of time is
yen = yyny’ exp [~ (ye+ ya) ] = Ay exp (— =), (6)

~in which » = y; 4 y4.

The duration of the decay is now 1/x, thus less
than it was before. Once the quantities  and
that have to be determined experimentally have
been measured, it is easy to calculate therefrom
the quantities p; and 94 that are of importance
for the theory. One finds:

Ve=%0y v e . (1)
=x_(1—n)'. N ()|

The arguments set forth above were applied a long
some time ago by Stern and Volmer to the case
of the fluorescence of gases and liquids. Their
application to the case of the fluorescence of solids
is of relatively recent date ).
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of a certain wavelength, is projected by a second
quartz lens L, onto the specimen P, This specimen
consists of a thin layer of the substance under test
applied to a metal plate which can be either heated
electrically or given a low temperature by means
of a cooling bath. The specimen is contained in a
vacuum bulb of quartz with a view to keeping the
temperature as constant as possible and in order
to prevent condensation of water vapour on the
specimen at low temperatures. The fluorescent light
is picked up by a concave mirror Sp and reflected
upon a photocell C via a filter F' that does not
transmit the original ultra-violet radiation. The
incident light is measured by replacing P by a
plate of magnesium oxide, of course without using
the filter F.

With this arrangement it is possible to measure
in relative units the intensity of the fluorescent
light as a function of the temperature and that
of the incident ultra-violet radiation. The ratio
of these intensities gives a quantity that is pro-
portional to the efficiency, the “relative efficiency”.
It is much more difficult to determine the efficiency
in absolute units, but in most cases this can be
dispensed with, the maximum value of the quantum
efficiency being simply taken as equal to 1. For

_the information required the absolute value of

Fig. 3. Arrangement for measuring the efficiency of fluorescence. B source of ultra-
violet irradiation, L, and L, quartz lenses, M monochromator, Sp concave mirror, P
specimen, F filter, C photocell.

Measurement of the efficiency

Fluorescence efficiency is measured with the set-
up represented diagrammatically in fig. 3. The
image of a source B of ultra-violet rays, for instance
a high-pressure mercury lamp, is projected by a
quartz lens L, onto the input aperture of a quartz
monochromator M. The image of the output
_ aperture of M, which thus emits ultra-vioqu rajrs

8) L. Briininghaus, Ann. Physik (6) 2, 55-75,” 1948.
N. A. Tolstoj and P. P. Feofilov, Doklady Ak.":
Naoek 59, 235, 1948. K, H. Hellwege, Naturwissen-
schaften 31 212- 213 1947 See also the artlcles quoted
in footnote 1") . . ) . )

N

the efficiency plays a less important pai-f than the
temperature-dependency of the relative efficiency-

The difficulty in determining the absolute efficiency arises
from various circumstances. For instance, it is not certain
whether the angular distribution of the fluorescent light will
be the same as that of the light diffusely reflected by the

‘ magnesium-oxide plate. Further, for an absolute measurement

the photocell has to be replaced by a bolometer, the sensitivity
of which is not dependént upon the wavelength. But even when
all this is taken into account there is still an element of un-
Certainty, because part of the energy absorbed is not used
for the process to be studied but is lost in some other way.
“This will certainly be the case, for instance, when the specimen

is’ mechanically mixed with a .neutral absorbing powder

(say soot-black), but it may ‘also’ occur with a puire specimen.
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On the other hand part of the fluorescent light will be lost
in the specimen through absorption. In many cases, however,
if dlsturbmg influences are properly taken into account it
is found that within a considerable temperature range, in
particular at low temperatures, the measured quantum effi-
ciency of the processes studied very closely approximates
to unity. '

Measurement of the decay

The decay of the fluorescence as a function of
time after interruption of the irradiation is measured
in the set-up depicted in fig. 4, which in many
respects resembles that of fig. 3 but is provided
with rotating discs having openings cut in them,
so that the whole arrangement shows a marked
resemblance to the known Becquerel phosphoro-
scope. The image of the source B is now projected

.thus at a moment

where ¢; represents the time of the revolution of
the discs. Each time the slit passes through the beam
a flash of light is allowed to pass through and this
can be measured separately, for instance with the
aid of a cathode-ray oscillograph, or integrated
over the time (thus as a direct current) by means
of a galvanometer shunted by a capacitance. By
varying the angle @ (for this purpose S, has been
made adjustable with respect to the shaft) the
intensity of the afterglow can be studied as a
function of ¢t. In many cases a time function is found
as in equation (6), thus an intensity proportional

Fig. 4. Arrangement for measuring the decay of fluorescence. B source of ultra-violet
irradiation, L, and L, quartz lenses, L; glass or quartz lens, P specimen, C, and C, photo-
cells, S; and S, discs rotating on a common shaft a, Sp, concave mirror, Sp, flat mirror,
F, and F, filters.

onto the specimen P by two lenses, L; and L,.
Here the monochromator is replaced by a filter F;.
The lens L, casts a picture of B onto the disc S;,
which has an opening of 90° and thus lets the rays
through during one quarter of a revolution and
shuts them off during three quarters of that time.
In the diagram the instant is depicted when the
light has just been shut off and thus the decay
begins. The image of the fluorescent strip of the
specimen P is formed on the photocell C; via the.
mirror SP; and the lens Lj, At the place where the
mirror forms an intermediate image is a second
disc, S,, mounted on the same shaft as S;. This
second disc has a narrow radial slit which can be so
adjusted that the light is only passed through
at the moment that S; has revolved through an
angle @ from the beginning of the interruption,

to exp (—xt). The logarithm of the intensities found
is then plotted in the known way as a function of
t, and x is determined from the slope of the straight
line drawn through the points of measurement.
Another way to find the intensity as a function
of ¢ is to arrange for the light coming from the con-
cave mirror to fall, via a second, flat mirror Sps,
upon the photocell C,, the signal from which is
fed to the pair of vertical deflection plates of a
cathode-ray oscillograph. When the other pair of
deflection plates is connected to a linear time base
then the screen shows both how the fluorescence -
increases at the beginning of the irradiation and
how it decays after irradiation has ceased, it then
being possible to measure and study both these
time functions on the screen. When the fluorescence
decays according to an exponential function of
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time then by this method the time constant » can
be determined directly, by applying an exponential
time base. This is done by connecting the horizontal

deflection plates of the oscillograph to a capacitor

(capacitance C) that is periodically charged and dis-
charged via a resistance R at the rate of the revolu-
tion of S;. The horizontal deflection is then propor-
tional to exp (— 6t), where § = 1/RC. If § = x, which
can be attained by adjusting R, then a straight
line is produced on the screen, whilst in all other
cases the line is curved. In this way % can be found
very -quickly 7). :

A certain, simple case will be taken to show
what results are obtained from the combined meas-
urements of efficiency and intensity. As an example
we have chosen the fluorescence of ammonium
uranyl pentafluoride, (NH,);UO,F;, irradiated with
ultra-violet rays of the wavelength 1 = 3650 A.
The fluorescence of this compound is due to the
U0, group. Both the absorption and the emission
spectra consist of a group of narrow bands $8),
the emission bands having wavelengths between
4700 and 6050 A. In fig. 5 the logarithm of the
intensity of the fluorescence after the irradiation
has ceased has been plotted as a function of ¢ for
a number of temperatures between —148 °C and
+123 °C. It is seen that a number of straight
lines are obtained, which proves that the decay

10
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Fig. 5. Intensity of the fluorescent light plotted on a loga-

rithmic scale as a function of time after interruption of the
irradiation.

7)  This method of measuring resembles very much a method
already deseribed in this journal for determining the
acoustical reverberation time; see the article quoted in
footnote 5).

8).  See also Philips Teclm Rev. 3 (1938), p. 131.
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Fig. 6. The efficiency # and the reciprocal decay time x for
ammonium uranyl pentafluoride as a function of the temper-
ature T. The quantities y¢ and yq are also plotted. )

follows the exponential law I, = I, exp (—xt)
and also that x increases with rising temperature.
In fig. 6 % has been plotted as a function of the
absolute temperature T, together with the efficiency
of the fluorescence 7. Here, for the reasons given
above, the efficiency at low temperatures has been
taken as being equal to wunity. From the values
of » and 7 the values of y; and y; have been cal-
culated according to the formulae (7) and (8),
and these quantities have likewise been indicated
in fig. 6.

Discussion of the measurements

It is seen that y; varies but little with T and can,
therefore, to a first approximation be regarded as
a constant. On the other hand the quantity p,,
which is practically negligible at temperatures
below 20 °C, increases rapidly with T at higher
temperatures. In order to investigate what law
this increase follows, log y, has been plotted in
fig- 7 as a function of 1/T. It appears that, within
the errors of observation, the variation of log y,
can be represented by the straight line .

3570
log Ya = 12.48 —'T .

Thus y, can be represented by an exponential f.unc-
tion of the shape

ya=Sexp (—e/kT), . . . .. (9)

where k is Boltzmann’s constant (k = 1.38 X
10% joule/'K, 1/k = 11.600 °K/eV) and S =
3 x 1022, whilst ¢ = 0.7 eV.

This points to the fact that a centre already in

‘an excited state requires a certain additional
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Fig. 7. Logarithm of the dissipation constant v4 as funetion
of 1/T (T = absolute temperature). The vertlcal lines denote
the inaccuracy of the measurements.

energy ¢ (activating energy) for the non-radiating
transition from excitation energy into lattice

energy to take place. This hypothesis was intro- -

duced long ago by Jablonsky and has more re-
cently been applied by Mott and Gurney to the
case of solids. The highly complicated problem
was greatly simplified by substituting one imaginary

coordinate x for the large number of coordinates

corresponding to the numerous degrees of freedom
of the centre in the surrounding erystal lattice.

b E a
% \2

\
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61463
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Fig. 8. Model depicting the theory of the quenching of fluor-
escence in the case of solids, according to Mott and Gurney.

In fig. 8 the potential energy of the system:
centre - ‘immediate surroundings (briefly referred
to in the following as “centre”) has been plotted
as a function of x both for the original state and
for the excited state. The minimum of the pdtential
curve represents in each case a state of eq,ui]ib'rium
around which vibrations are possible. A number of
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vibrationary states have been indicated both for
the original state and for the excited state. Further
there are indicated the energies hvyhs and hvepy
of an-absorbed and an emitted photon (compare
fig. 8 with fig. 2). After the excitation 0 — 1 the
centre quickly passes into the state 1’, whereby
the vibration energy is imparted to the surrounding
crystal lattice. Inversely, in the state 1’ the centre
may also draw energy from the crystal lattice,
its vibrational energy then increasing. Upon the
point 2 being reached, which shows an energy
difference & with respect to 1’, it is then possible
for the centre to pass from the state in which it
oscillates between 2 and 2° into a state which
belongs to the lowermost potential curve and re-
presents a very high vibrational condition of
the ground state (oscillation between 2 and 2°).
As a consequence of the coupling between the
vibrations and the rest of the lattice, which does
not find expression in this model, this vibrational
energy will then very soon spread over the entire
crystal lattice, so that the state 0 is reached without
a photon having been emitted. Since the probability
for the tramsition I’ — 2 is proportional to
exp (— &/kT), formula (9) is theoretically justified
and the physical significance of the “activation
energy” ¢ is explained.

The behaviour described here for the case of
the uranyl salt has also been found in a large num-
ber of other cases, two of which may be mentioned
here, whereby a manganese ion acts as centre
of fluorescence, viz: Mg,TiO, activated with Mn
present as a quadrivalent ion (Mn**), and the well-
known willemite (Zn,SiO,-MnySiO,), in which
Mn occurs as a bivalent ion (Mn®*).

We shall now briefly deal with some cases of
fluorescence of solids where the behaviour is more
complicated than can be described with the aid of

the theoretical hypothesis given above.

Complicated mechanisms of fluorescence

To gain some insight into more complicated

. cases of fluorescence we must first follow some theo- .

retical considerations. - Suppose that (fig. 9)

addition to the original state (0) there are at the
same time two states of excitation (I) and (2)
corresponding to the energies E; and E; (E, > E,),-
and further that owing to the absorption of a

‘photon there is an electron in the state 2. We now

assume that transitions are possible from 2 to 0,
from 2 to I and from I to 0. Each transition may
take place either with the emission of a photon
or without any radiation. The probability of these
processes in an interval of time di is represented as:
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Fig. 9. System with two excited states (I and 2), indicating
the tramsition through absorption to state 2, the transition
1 — 0 under emission, and various radiation-less transitions
(in dotted lines).

with radiation without radiation

20 a; dt aq d
2—1 B de Badt

In many cases no radiations are found correspond-
ing to a; and f;, or in other words o; and f; are
zero, or at least a3 > a;, B3> fr In the sim-
plified assumption that this is the case, we find

for the efficiency of the fluorescence (transition °

1—0):
p=—Pi v a0
ag+ fa yrt+va :
If, as is often the case, y;is small compared with
aq and B, it may easily be deduced that a; and
Ba have no effect upon the decay of the fluores-
cence after interruption of the irradiation but that
an increase of y, accelerates that decay. If with
such systems there is found to be a decrease in
efficiency then this opens the possibility of in-
vestigating at what level the interfering radiation-
less process takes place: if it is found that with
" incredsing quenching (decreasing value of 7) there
is at the same time a decrease in the duration of
the decay then the quenching is caused by y,;
if that is not the case then the cause lies in the
ratio of ay/f;. Examples of both cases have been
found experimentally. Systems are also known where
both effects take place simultaneously.

- From formula (10) it appears that the efficiency is determined

not only by the ratio y4/ys but also by that .of ag to 4. If ¢4
and f4 increase differently with the temperature it is quite
possible that at first, before the influence of y4 is noticeable,
the efficiency increases with rising temperature. This possi-
bility has already been pointed out in the introductjon.

mno longer exponential but “hyperbolic”,
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The foregoing also applies in the case where
state 2 does not belong to the centre as such but
represents an excited state of the crystal lattice.
This means that then an electron travels through
the lattice, just as is the case with the positive charge
(electron “hole”) that is left after the electron is
removed from a lattice ion (see, e.g., the article
quoted in footnote %)). For the transition from
state 2 to state I it is now necessary that the elec-
tron and the positive charge meet near a centre,
a part E; — E; of the energy E; — E, being thereby
transmitted to the centre, while the remainder
(E; — E;) goes to the lattice. The number of such
transitions per uanit of time- is proportional to the
product of the concentrations of excited electrons
and the holes, thus proportional to the square
of the number 7, of electrons in the state 2, contrary
to the cases considered above, where the number
of transitions was invariably proportional to the
first power of the number of electrons in the
respective state. The most important consequence
of this is that, if such._a “bimolecular” process
governs the variation_ of the fluorescence as func-
tion of time durmg the decay, this variation is
which
means to say that for high values of ¢ the intensity
decreases-proportionally ?) with 1/i2. ;

Ifin this case, in addition to the transition leading
to fluorescence,  there.is a quenching process,
likewise governed by a ~“bimolécular” process
(recombination of electrons and holes), then we
find again for the efficiency an expressmn of the
form: :

ﬁ( L7 )
at+ B yitya

17=

"Here f is the coefficient determining the transition

from the state 2 to state I and a a similar coefficient
for the extinction process 2 — 0.

Still more complicated is the case where the ra-
diation-less transition from 2 to I is indeed “bimo-
lecular”, i.e. proportional to n,%, but the competing
process, the radiation-less tramsition 2 —- 0, is
“monomolecular”, i.e. proportional to the first
power of n,. Obviously the counteraction between
these processes then depends upon the value of n,.
In such a case the efficiency will be found to be
dependent upon the intensity of the irradiatiom.

Such a behaviour has indeed been found with
willemite (Zn,Si0,—Mn,Si0,) containing a relatively-
large amount of manganese: a preparation containing,

9 Cf Phlllps Techn, Rev. 3, 241-247, 1938 (especially pp

246 and 247).
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say, 59 manganese can be made to fluoresce
by irradiating it with a wavelength of 3650 A,
this wavelength being selectively absorbed by the
Mn-ions. The decay of the fluorescence after the
irradiation has ceased is exponential with time,
the decrease in efficiency with rising temperature
beginning at the same point where also the decay
begins to decrease. Just as has been explained
for the case of the uranyl salt, here too y; and y, can
be determined (S = 8.7 X 10°, ¢ = 0.89 ¢V). When,
however, the system is irradiated with y = 2537 A,
coming within the range of lattice absorption,

72 sec ot
10 41000
X e da
" 75 4750
050 -1500
0,25 250
0 ) =" 1 1L__Jo
300 400 500 600 7200%

—=T 61511

Fig. 10. The efficiency # and the quantities %, p¢ and yq for
willemite with 5% Mn as function of the temperature T under
irradiation with y = 3650 A and y = 2537 A, in the latter
case for two intensities in the ratio 1:22. -
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the behaviour of the decay remains the same but
the efficiency begins to decrease at lower tempe-
ratures, the more so as the intensity of the irra-
diation is less (fig. 10). Something similar is found
in the case of willemite containing, in addition to
say 1% Mn,SiO,, a very small quantity (0.1%)
of Fe,Si0,, the Fe-ions acting as quenchers.
These brief indications of such more complicated
cases have to suffice here. For a more detailed treat-
ment of the subject reference is made to the original
publications dealing with the investigations 10).

10y F. A. Kriéger, W. Hoogenstraaten, M. Bottema
and Th. P. J. Botden, The influence of temperature
quenching on the decay of fluorescence, Physica 14,
80-96, 1948.

F. A. Kréger and W, Hoogenstraaten, Decay and
quenching of fluorescence in willemite, Physica 14, 425-441,
1948.

W. Hoogenstraaten and F. A. Kréger, The inten-
sity-dependence of the efficiency of fluorescence of wille-
mite phosphors, Physica 25, 541-556, 1949 (No. 5/6).
For older literature, dealing especially with the fluores-
cence of gases and liquids, see P. Pringsheim, Fluores-
cence and Phosphorescence, Interscience P.C., New York,
1949.

Summary. It is explained how the efficiency of the fluores-
cence of all kinds of substances is influenced by dissipative
processes tending towards quenching of the fluorescence. First
a simple case is taken to show the relation that must exist
between the increasing quenching with rising temperature
and the simultaneous decrease of the decay time. Methods
are briefly discussed for measuring the efficiency and the du-
ration of the decay, and the results of the measirements
for simple cases are compared with the theory. Finally mention
is made of the complications arising in less simple cases and
examples are given of cases where the efficiency depends not
only upon the temperature but also upon the intensity of
the irradiation. .
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A MEASURING ARRANGEMENT FOR WAVEGUIDES

by A. E. PANNENBORG.

621.392.26: 621.317.3

In installations for generating and receiving microwaves the super- and ultra-high-frequency
energy is carried by waveguides. The construction of such waveguide systems and the accessory
apparatus has to meet demands quite different from those required of transmitting and re-
ceiving installations for longer waves. Special measuring arrangements are needed to ascertain

whether these demands are satisfied.

Introduction

The spectrum of electromagnetic oscillations
can be divided into two parts. To the first part,
which we shall call the optical range, belong all
oscillations having a wavelength less than 0.01 mm,
whilst in the second part, the electrical range, lie
the oscillations with wavelengths greater than
approximately 1 mm. Oscillations with intermediate
wavelengths play no part so far in practical appli-
cations. (The limits mentioned here cannot be
sharply defined and are to be regarded only as
indicating the order of size.) The short-wave end
_ of the electrical range, the so-called microwave
range, with wavelengths between 1 mm and about
30 cm, can in a certain sense be regarded as a transi-
tional range, and it is this part of the spectrum
with which we shall deal in this article.

The last decade has seen great progress in the
_development of microwave technique; its applica-
tion in radar and other related apparatus has
become generally known. Since the wavelength
of microwaves is comparable to the dimensions of
normal circuit elements (capacitors, coils, etc.)
such as are commonly used for longer waves, these
elements can no longer be employed in a radar
installation and we have to use elements of an entire-
ly different nature. Neither is it possible for the micro-
wave energy to be transported via a normal parallel-
wire transmission line, because the losses due to
radiation would then be prohibitive, so that either
coaxial cables or waveguides have to be used.
The theory of the propagation of electromagnetic
waves through such systemsis well known. It appears
that a coaxial cable can transport microwave energy
in a suitable manner only when half the sum of
the circumferences of the inner and outer con-
ductors is less than the wavelength of the oscillation.
For wavelengths exceeding 10 cm the coaxial cable
is highly suitable, but for smaller wavelengths when,
as in radar installations, the power to be transpor-
ted is, moreover, considerable (sometimes even

amounting to several megawatts peak) it is advan-
tageous to use waveguides. These have a much
greater power-carrying capacity than the small
coaxial cables required for centimetric waves, with-
out sparking occurring in the guide, and meoreover
in this range they have reasonable cross-sectional
dimensions, of the order of the wavelength of the
oscillation.

When waveguides are used as transmission lines
all sorts of problems are encountered. To mention
some of them: there is the manner in which the
energy has to be fed into the waveguide at one end
and taken off at the other end, the effect of bends
and junctions, the way in which the electromagnetic
field is influenced by obstacles in the guide, the
matching of the various parts of a waveguide
system, and so on. In order to illustrate the great
importance of these problems in practice, a dia-
gram ( fig. 1) is given, representing the high-frequen-

22

61409

Fig. 1. Lay-out of the high-frequency part of a radar instal-
lation. The oscillations generated by the magnetron M are
conducted by a coaxial cable and a coupling K to the wave-
guide, which carries them to the aerial 4, where they are
radiated into space. This aerial serves at the same time for
receiving the reflected signals, for instance from an aeroplane,
which pass along the same waveguide to the receiver O,
connected to the waveguide via a branch T. The aerial is
rotated with the aid of a rotating joint R. To allow for correct
matching some diaphragms I occupy part of the cross section
of the waveguide. (From Principles of Radar, M.I.T. Radar
School Staff, McCraw Hill Book Cy, New York 1946.)

T ————— . ™
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cy part of a radar installation, clearly showing the
bends, couplings, etc. occurring in it.

" Forinvestigating the properties of these obstacles,
bends, etc. it is necessary to take certain measure-
ments. Measurements of the reflections are par-
‘ticularly important, because, as we shall see present-
ly, in a waveguide reflections generally have to be
avoided. It is these measurements that will be dealt
with in this article; naturally only a limited part
of the vast measuring technique can be discussed
and for a more intensive study the reader is re-
ferred to the extensive literature already published
on this subject 1).

Before proceeding to describe the technique of
measuring we have to give a brief review of the
essential theory of waveguides. This theory has
already been dealt with more extensively in two
articles previously published in this journal 2).

Propagatlon of waves in waveguides

Here we shall conﬁne ourselves to rectangular
waveguides with sides a and b, where b < a. As
described in article I, in such a waveguide modes
of different types may occur. There are transverse
electric modes of various orders (TEn, modes)
and transverse magnetic modes of various orders
(TMymn, modes). It appears that a TE,, mode
(we are dealing here only with TE modes) can be
propagated through the guide only when the follow-
ing relation between the wavelength 1 and the
dimensions of the guide is satisfied:

VR

Acr is called the critical wavelength for the TE,,,
mode. .

From formula (1) it immediately follows that the
greatest critical wavelength is given by 1, = 2a;
belonging to a TE,, mode, whilst the next greatest
critical wavelengths are given by A = 2b (TE,,
mode) and A; = a (TE,, mode).

It is desirable that the waves should be propaga-
ted in a guide in a single mode, since the reflecting
properties of a discontinuity differ for each mode
of. OSci]lation.t The guide is therefore given such

1) See, eg., C. G. Montgomery, Techmque of microwave

- . measurements, Radiation Laboratory Series 11, McGraw

. Hill Book Cy, New York,. 1947, and J. G. H. Huxley,
‘A survey of the principles and practlce of wave guides,

«. .-Cambridge University Press, 1947. -

2). Wi Opechowski, Electromagnetic waves in wave gmdes,
I, :Philips: Techn. Rev: 10, 13-25, 1948, and II, Philips
.Techn Rev: 10, 46-54, 1948. From now on these arncles
will be referred to. as I and. ILrespecnvely

.
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dimensions that the mode of oscillation lies between
the greatest and the next greatest critical wave-
length, i.e. so that only TE,, waves can be propa-
gated in the guide. The bandwidth available is
made as large as possible by choosing b<< 1/, a; it is
then determined by the length of the wide side a;
all microwaves having a wavelength satisfying
the inequality @ < 1 < 2a can then be propagated
through the guide as a TE;, mode.

Waves with a greater wavelength cannot penetrate into the
guide, because as soon as they enter it they change into a
stationary wave (perpendicular to the axis) the amplitude
of which diminishes exponentially along the axis of the guide.
There is also some attenuation in the case of the propagation
of waves within the permissible frequency band, owing to the
dissipative losses caused by the current flowing along the
surface of the guide; the closer the wavelength lies to the grea-
test critical wavelength, the greater is the attenuation. In
practice, therefore, only the wavelength range ¢ < 1 < 1.6a
can be used. See also article I, pp 24 and 25.

The formulae describing the electromagnetic
field of a TE,, mode in a rectangular waveguide are
(see I, p. 23 and 24):

2njp
9

: X
Ey=Asin—e
a

i’ A | mx o,
H.,— A4 Vl — <—> sinE e>?,
o 2a a

T e2mito=la)

r= -G

Tn these formulae & and pg represent respectively
the dielectric constant and the magnetic permea-

Do ) “'

F1g 2 Sketch of a rectangular wavegmde with, 51des a and b
(a >'b). The system of coordinates indicatéd in the sketch
is that uséd for'the calculations in this article. . .-, 2



JULY 1950

bility of the vacuum, A represents the wavelength
in vacuo, ¢ the velocity of light and 4 an arbitrary
constant.

The system of coordinates has been so chosen
that the z-axis is parallel to the longitudinal diree-
tion of the wave guide, the x-axis parallel to the
side ¢ and the y-axis parallel to the side b of the
cross section ( fig. 2).

From the above formulae it is seen that the
z-dependency of the mode is given by the factor
exp (—2njz J1/22—(1/2a)?). This that
the wavelength 4, at which the oscillation is
propagated in the waveguide is not equal to

means

A but is given by the formula

1 1 1
2=V o 2)
1 2 (2a)
3
A
}_
2 -
1 i
00 1 J;Las | L xA
e A
01411

Fig. 3. The wavelength 1, of an oscillation propagated in a
waveguide of the width a, divided by the wavelength 1 of the
oscillations as produced by the generator, plotted as a function
of the ratio 4/2a. It appears that 1, may easily be twice as
great as A.

In fig. 3 2;/1 has been plotted as a function of
A/2a. It is seen that 1, can easily be twice as great
as A

Fig. 4a shows the magnetic lines of force for
the case of a TE,, wave in a rectangular waveguide;
here the significance of 4, is made quite clear. In
this diagram the electric lines of force are at right
angles to the plane of drawing, the intensity of the

electrical field varying across the width of the

waveguide as indicated in fig. 4b. Finally the system
of currents flowing along the surface of the wave-
guide is represented in fig. 4c.
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Fig. 4. a) Magnetic lines of force for a TE , mode in a rectangu-
lar waveguide. This figure represents an “instantaneous photo-
graph” of a cross section parallel to the wide sides, and thus
also parallel to the direction of propagation of the wave.
The wavelength at which the oscillation travels through the
guide, 4., is equal to the distance between the two dotted
vertical lines.

b) Electric field strength for a TE,; mode in a rectangular
waveguide. The lines of force are all at right angles to the
wide side.

¢) Density d'stribution of the surface currents on the walls
of arectangular waveguide in whicha TE;; mode is propagated.
The width of the lines of current is proportional to the current
density (“instantaneous photograph”).

The occurrence of standing waves

When there is a discontinuity in a waveguide,
for instance in the form of a sudden narrowing,
then the wave will be reflected. The same may
be the case at the end of the waveguide, for instance
where it is coupled to the aerial, or where there is
a bend in the guide.

In order to get an idea of the effect of such dis-
continuities we can avail ourselves of the similarity
that exists between a waveguide in which, for in-
stance, only the TE,, mode can be propagated,
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and a transmission line. In the theory of transmission
lines voltage and current are regarded as the
fundamental quantities. In the case of a waveguide
these quantities can no longer be unambiguously
defined. One can, however, speak of reflections
both in transmission lines and in waveguides. As
a rule reflections occur in a transmission line when
it is terminated with an impedance. The effect of
a load impedance Z on the currents and voltages
in a transmission line can be deduced as follows?).

I{z)
Rl
C@E V) z
. e
I(z) 61412

Fig. 5. Transmission line, with a load impedance Z, connected
to the high-frequency voltage source E. At a distance z from
the right-hand end the voltage and current are respectively
V(z) and I(z).

. As is known, the current and voltage at a certain
point z in a transmission line (fig. 5) can be
described by:

V() = }de*i”  Bein eio,
A4 . B _. :
— + — wl
I(z)_3§em ceJ‘y’%eJ,

where A and B are constants independent of z

and t; y is called the propagation constant. The

quantity ¢ is called the characteristic impe-
dance of the system.
In the following we shall omit the time factor
e/, as not being essential for our considerations.
At the terminating impedance Z (z=10) we
have :
V(0)=4+B and I(0) =% — %,

and therefore

_ V(O)_A-I—B
—_‘_IW' :A-:—Bc. - . . (3)
Hence
B Z—
ot =R RO

and for the variation of the voltage we get

3) See J. M. v. Hofweegeﬁ, Impedance measurements
with a non-tuned Lecher system, Philips Techn. Rev. 8,
278-286,. 1946., :
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. Zz—¢ . ) . .
V(z) =A ge'”” + __._g_-e-n'zg — A 3e+”"-|-fe—”"§. :
S AN; :
.. (5
The first term between brackets in this formula
can be regarded as a wave travelling to the right
and the wave travelling
to the left, imagined as arising from reflection of
the former wave at the impedance Z. The degree

of reflection is determined by the equation

second term as a

-1

f=Z—"—, . « o e . (6)
—+1
C+

f being called the reflection coefficient, which
is usually a complex quantity. .

Owing to superposition of the waves travelling
to the right and to the left, standing waves.
occur. At distances of a quarter of a wavelength
there are voltage maxima alternating with voltage
minima. These maxima and minima are given by
the extreme values of (5) and are respectively

Vinax = |4]31 + | f|{ and
Vain = I §1—If1{

so that the ratio of the minimum to the maximum
voltage, which indicates to what extent the re-
sulting wave bears the character of a standing
wave, is determined by the quantity

r= l_ﬂ )
1+ |f]

r is called the voltage standing - wave ratio
(V.S.W.R.) for the impedance Z. By measuring
the V.S.W.R., which can easily be done (see the
article quoted in footnote 2)), the absolute value
of the reflection factor can be determined. The
argument of f, which is a measure of the phase
shift resulting from the reflection, can be found
from the distance between the point where the
impedance Z is connected to the transmission line -
and the first voltage minimum, as already described
in the article of footnote 3).

Let us now revert to the rectangular waveguide.
A discontinuity in the guide will result in a very
complex wave pattern in its immediate vicinity,
a pattern which can be regarded as a superposition
of all the infinite number of modes of oscillation
of the guide. Since only the TE,, waves are able
to travel through the guide with small attenuation,
at some distance in front of the discontinuity we
shall find only the original wave and a reflected
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wave. The superposition of these two waves again
gives rise to standing waves. In analogy with
the foregoing we can now introduce a reflection
coefficient f, viz. the ratio of the amplitudes of
the reflected and the original wave. Whereas' in

the case of the transmission line we had the ratio

of two voltages to consider, here we have to
reckon with the ratio of two electric fields,
for instance the. electrical field strengths of the
waves in the forward and return directions.

)
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ring will already be 259, less than that when the
guide is matched (r =1).

A description will now be given of an arrange-
ment used in the Philips Laboratories at Eindhoven
for measuring the V.S.W.R.

Measuring the V.S.W.R.

When it is desired to match one element of a
waveguide to another, for instance when the aerial
of a radar system is to be coupled as efficiently

o |

o
M

G . Dy
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5 | .
—— ] o]
P S w
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Fig. 6. Diagram of the lay-out for measuring voltage standing-wave ratios. G generator of
the microwaves, D, and D, directionai couplers, 4 attenuator, S slotted waveguide along
which a probe (not shown) can be shifted, P fixed probe, M wavemeter, K detector which
can be tuned and the voltage standing-wave ratio of which is to be measured. The small
circles in the directional couplers and in the probe P represent crystal detectors with their

matching elements,

In the case of transmission lines we found a reflection due

to the presence of an impedance differing from the charac- -

teristic impedance {. With waveguides, too, an impedance
can be ascribed to the discontinuity, by writing in analogy
with (6):

Z

f=?—1'
z.
¢

Just as current and voltage cannot be unambiguously deter-
mined, neither can the charateristic impedance ¢ of a wave-
guide, except as the ratio Z/{ in equation (6).

The magnitude of a standing wave in the wave-
-guide can be expressed by the ratio of the minimum
to the maximum amplitudes in the guide, thus
by the voltage standing-wave ratio r, which,
in analogy with (7), is related to |f] according t
the equation :

_1-14

1+
Under reflectionless conditions we find f= 0,
thus r = 1, whilst for a perfectly reflecting termi-
nation [f| = 1, thus r = 0.
It is of great importance to keep the V.S.W.R.
in a system ‘as small as possible. When reflections
occur, as for instance in a radar installation, these

will react upon the oscillating magnetron and .

possibly disturb its stability. Moreover, although
with a V.S.W.R. of say 0.6 the energy reflection
from a discontinuity is still very small (about
6% = 0.5 db), the maximum power that can

be sent through the guide without sparking occur-

as possible, it is necessary to measure the V.S.W.R.
occurring as a result of reflection from that element,
and to minimize this reflection. The latter can be
done, for instance, by purposely introducing an
obstacle, say an adjustable screw, which by its
own reflections just neutralizes the reflections orig-
inally present. To confine our thoughts let us sup-
pose that a detector has to be matched to a micro-

- wave installation in order to measure the strength

of the signal in the waveguide. For this purpose
we employ an arrangement as represented diagram-
matically in fig. 6. The generator G produces a
signal which is conducted along a number of parts,
which will be described below, and finally reaches
the detector K. There, as a rule, part of the signal
will be reflected, with the result that standing waves
arise in the whole of the guide. Placed in front of
the detector is the “V.S.W.R. meter” S, consisting,
for instance, of a short section of a waveguide in
which the field can be scanned with a probe. This
probe, not shown in the drawing, extracts a small
part of the energy in the guide and passes it on
to a measuring instrument connected to the probe.
The voltage induced at the probe is proportional to
the electric field at that point, so that by moving
the probe along the guide it is possible to measure
the voltage minimum and maximum due to the

" occurrence of the standing wave, and the ratio of

these two voltages gives the V.S.W.R.
The probe can be made in the following way.
First a slot is cut in the longitudinal direction of

.the waveguide down the centre of the long side;
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this scarcely disturbs the system of surface currents,
and thus the field, as may be seen from fig. 4c.
Through this slot a thin wire can then be inserted
a very short way into the guide (see fig. 7). This

Fig. 7. Sketch of a probe that can be moved along the wave-
guide.

probe is then parallel to the electric lines of force
and thus measures the electric field at the point
where it is situated. The shorter the distance that
the probe penetrates into the guide the less is the
disturbance of the field, and it can usually be ignored.
The probe is mounted on a carriage made to slide
along the guide, care being taken to ensure that
the probe is well centred in the slot and kept at the
same depth of penetration into the guide. The latter
requirement is not so easy to fulfil and a simpler
method is therefore often applied, where a perma-
nently fixed probe (P in fig. 6) and a waveguide
of variable width are employed.

As we have already seen, an oscillation is propa-
gated along the guide with a wavelength A, depend-
ing upon the width a of the guide (see formula
(2) and fig. 3). This wavelength can therefore be
varied by “squeezing’ the guide and thus it is
possible to change the number of wavelengths
between the section of which the V.S.W.R. is to
be measured and the fixed probe. This variation

of the “electrical length” corresponds to a displace-
ment of the field along the probe, so that
by squeezing the guide, in which there is somewhere
a fixed probe, we achieve the same object as when
moving the probe along the field inside the guide
in the manner described above.

A so-called squeeze section can be obtained
by cutting a longitudinal slot down the centre of
the two wide sides and placing midway over it
a clamp with which the guide can be constricted
a few millimetres. In fig. 8 two types of a squeeze
section are shown, one for 3 cm waves and the other
for 10 cm waves. The guide for 10 cm waves is
fitted with a dial gauge for measuring the constric-
tion of the squeeze section.

It is advantageous to squeeze the guide periodi-
cally. In the Philips Laboratories a method is
employed whereby the guide is squeezed once in
about every two seconds by means of two cams
driven by an electromotor. The voltage on the
probe will vary in rhythm with the constrictions,
and the ratio of the lowest to the highest voltage
indicated by a meter which has little inertia is a
measure for the V.S.W.R.

Here the “probe’ does not consist of a wire but
is formed by a so-called window communicating
between the main guide and a section of waveguide
mounted on it crosswise and containing a detector.
After amplification the voltage supplicd by the
detector can be measured; we shall revert to this
later on.

A V.S.W.R. meter such as described here is
only suitable for measuring small standing-wave
ratios. It often happens that the matching of a
variable waveguide section is at first so bad that
the V.S.W.R. has a very high value. For quickly

matching the section in such a case it is advisable

40
0
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Fig. 8. Two types of a squeeze section . The large section (for 10 cm waves) is fitted with a
dial gauge for calibrating the electrical length of the waveguide as a function of the width

of the slit.
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to have available a coarser indicator of the V.S.W.R.
This is to be found in what is called the dircctional
coupler, by means of which the strength of the
reflected signal can be measured. A directional
coupler consists of a branch waveguide connected
to the main waveguide by windows and in which
a wave is propagated which is a certain fraction
of a wave travelling in one direction along the main
waveguide. A diagrammatic representation of
such a directional coupler is given in fig. 9 *). The

_%l—"

e
iz 3 Ay =ty "4, ﬁ’

61415

Fig. 9. Basic principle of a directional coupler. The two windows
in the common, narrow wall of the waveguides are spaced
at a distance of !/; 1.. A wave travelling to the right sets up
through each window a secondary wave travelling to the left
and to the right. The wave B, follows a path half a wavelength
longer than that of the wave 4,. Thus the two waves neutra-
lize each other. 4, and B, on the other hand reinforce each
other, so that in the secondary waveguide there is ex-
clusively a wave travelling to the right. Similarly, a wave
travelling to the left in the main waveguide will give rise
exclusively to a wave travelling to the left in the secondary
guide. The wave travelling to the right can be absorbed by
a non-reflecting termination R. Thus the detector D receives
only a signal from the wave travelling to the left in the main
waveguide.

two identical windows in the common, narrow, side
wall of the two waveguides are spaced a quarter of
a wavelength apart ('/, 4;). A wave travelling to
the right through the main guide gives rise to a
secondary wave passing through each of the win-
dows into the secondary guide and travelling to
the right and to the left. The waves 4, and B,
reinforce each other; the waves 4, and B, however
neutralize each other through interference, since
the wave B, follows a path half 3 wavelength longer
than that followed by the wave A, For proper
neutralizing of the waves 4, and B, it is necessary
that the coupling should be weak, or in other words:
the attenuation of the wave in the main guide
caused by a window must be negligible, so that this
wave can pass both the windows with the same
strength and thus the waves 4, and B, formed in
the secondary guide are of the same intensity.
In this way a wave travelling to the right
in the
wave travelling to the right in the secondary
guide; similarly, a wave travelling to the left in
the main guide produces in the secondary guide
exclusively a wave travelling to the left. The right-

main guide results exclusively in a

%) See K. S. Knol and G. Diemer, A model for studying
electromagnetic waves in rectangular wave guides, Philips

Techn. Rev. 11, 156-163, 1949 (No. 5).
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hand end of the secondary guide can now be closed
with a non-reflecting termination (for instance
with a wedge of dissipative material) and on the
left-hand end of the guide a detector can be moun-
ted.

This detector will then pick up omly a signal
from the wave travelling towards the left in the
main guide and a wave travelling to the right in
this guide will not reach the detector. In this way
it is therefore possible to detect at once the presence
of a reflected wave.

What it amounts to in practice is that, measuring
with the directional coupler, we can make the match-
ing of a waveguide section such that the V.S.W.R.
for that element exceeds 0.95, which corresponds
to an energy reflection of 0.069,. Measuring
with the squeeze section we can then carry out
the accurate adjustment, since it is possible to
measure a V.S.W.R. of 0.99, corresponding to an
energy reflection of only 0.00259,.

10cm
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Fig. 10. Photograph of a directional coupler for a 3 cm wave-
guide. The wedge acting as a matched termination of one of
the ends has been removed from the secondary waveguide.

A photograph of a directional coupler for a 3 cm
waveguide is given in fig. 10. By way of illustration
the wedge for the non-reflecting termination of the
section is shown beside the coupler.

Fig. 11 is a photograph taken of the whole of
the set-up described here.

Acecessories for the measuring device

We shall now describe a few accessories (some of
which have already been mentioned) which may be
useful for a measuring device as described.

A gencrator is needed for generating the micro-
waves used in carrying out the measurements. For
this one usually employs a velocity-modulation
valve (reflex klystron), which is capable of supply-
ing a power of some milliwatts up to some tens
of milliwatts. This valve oscillates only when the
value of the reflector voltage lies within certain
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Fig. 11. Photograph of the complete device for measuring standing waves, as employed
in the Philips Laboratories.

ranges. The frequency of the energy generated can
be varied over a band width of about 109, by
mechanical tuning of the cavity resonator of the
valve, and further over a more limited range by
varying the reflector voltage within an oscillating
range. For our measurements an A.F. amplitude
modulation of the signal is desired. The voltage
picked up by the fixed probe in the squeeze section
can then be amplified, after detection, with the
aid of an A.F. amplifier. Although the amplitude
of the oscillations greatly depends upon the re-
flector voltage, the method of modulating the
amplitude of the signal by sinusoidally varying
this voltage is not suitable, because then frequency
modulation occurs at the same time. It is possible,
however, to get a pure amplitude modulation by
applying to the reflector square waves of such an
amplitude that the valve is alternately oscillating
and not oscillating. This is the method employed
with the measuring device described here.

The microwaves are conducted from the oscillator

Z sra16 -
Fig. 12. Coaxial cable through which the microwaves generated
by the reflex klystron are conducted to the waveguide. The
smallloop I, inserted in the cavity resonator of the valve, takes
up the energy; the “aerial” a is the inner conductor of the co-
axial cable extending into the waveguide G parallel to the
electric lines of force. Here the measuring apparatus is to
the left of the aerial; the waveguide, however, has been ex-
tended somewhat to the right to allow of the terminating of
the guide at that end with a piston Z which can be adjusted so
that the maximum energy is obtained in the desired direction.

to the waveguide via a short coaxial cable ( fig. 12).
At one end of this cable the inner conductor is
bent into a small loop, which is connected to the
outer conductor, and this loop is inserted in the
cavity resonator of the reflex klystron. At the other
end of the cable the inner conductor is extended
into the wave guide parallel to the electric lines
of force, like an aerial, whilst the outer conductor
is connected to the wall of the waveguide. The
guide is closed at one end with a piston, in such
a way that maximum power is obtained in the de-
sired direction.

As the first element behind the generator there
is usually a variable strip attenuator, by means
of which the signal amplitude can be adjusted
while at the same time the generator is decoupled
from the system; in the case of quantitative mea-
surements care has to be taken that the strength
and the frequency of the signal are not affected by
the generator load. The strip attenuator ( fig. 13)
is made in the form of a small sheet of dissipative
material placed in the waveguide, the attenuation
being brought about by eddy currents set up in
the absorptive strip. Here again use is made of the
possibility of cutting a longitudinal slot down the
centre of the wide side of the guide without thereby
disturbing the field inside the guide. The attenuation
is controlled by the depth of penetration of the strip
of dissipative material in the guide. The perimeter of
the strip is rounded off so as to minimize reflections.

Mention has several times been made of a detec-
tor, which rectifies the H.F. voltages so as to be
able to mcasure the energy. As such a detector a
diode ) can still be used for waves of 10 ¢cm and

8) M. J. O. Strutt and K. S. Knol, A diode for the
measurement of voltages on decimetre waves, Philips
Techn. Rev. 7, 124-128, 1942,
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longer, but for shorter waves the diode is unsuitable
on account of transit-time effects, and then a
crystal detector has to be used. In principle
a crystal detector does not differ from the crystals

i}

10cm
67425

Fig. 13. Attenuator consisting of a small sheet of dissipative
material which can be inserted in the waveguide through a
longitudinal slot in the wide side.

that were formerly employed in radio engineering ;
recent investigations in America and England have
made it possible to stabilize crystals, so that
reliable and reproducible results can now be ob-
tained. The crystal detector is highly suitable for
microwaves owing to its small dimensions and small
shunt capacitance.

The crystal is mounted in a cartridge (a ceramic
tube with metal end caps) which is secured in a
crystal holder consisting of a waveguide section of
the same dimensions as the guide in which the
power is to be measured (see fig. 14); the guide is
terminated by a short-circuiting piston and fitted
with some fixed or adjustable tuning elements, with
which the matching can be so adjusted that
all incident energy is absorbed in the crystal and
thus no reflection takes place. The cartridge is
placed with its longitudinal axis parallel to the
electric field. The matching of a crystal holder
has been taken as example in the description of
the measuring of the V.S.W.R. in the preceding
section of this article.

Another possible means of detection lies in the employment
of elements the electrical resistance of which is dependent
upon the temperature. Such an element forms part of
a Wheatstone bridge circuit, with which the variation
in resistance due to the heating of the element by the absorbed
microwave energy is measured. Use can be made either of
thin wires with a positive tempera..re coefficient of the re-
sistance, or of semi-conductorss having a high negative tem.
perature coefficient ®) and usually of the “pin head” type

8) See E. J. W. Verwey, P. W. Haayman and F. C.
Romeyn, Semi-conductors with large negative temperature
coefficient of resistance, Philips Techn. Rev. 9, 239-248,
1947.
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enclosed in a glass envelope; the whole is placed in a holder
with the leads running parallel to the high-frequency elec-
tric field. The advantage of such “bolometers” is that they
can be directly calibrated with direct current and thus form
direct wattmeters. On the other hand, however, they are
less sensitive than crystal detectors.

The voltage supplied by the detector in the fixed
probe used for measuring the V.S.W.R. is applied
to the input of a linear selective amplifier, tuned
to the frequency of the above-mentioned amplitude
modulation with rectangular pulses of the oscillator
signal. The output signal from the amplifier is rec-
tified and passed to a meter provided with a
scale giving direct readings of the V.S.W.R.

In addition to the directional coupler D,, serving
for the rough matching of waveguide sections
with a large V.S.W_.R., there is a second directional
coupler (D, in fig. 6). This is coupled with the
generator signal and serves for adjusting the gener-
ator output to the maximum with the aid of the
voltages applied to the tube and further with the
piston mentioned when dealing with the construc-
tion according to fig. 12.

Finally the

meter or wave meter for ascertaining the correct

system includes a frequency
wavelength of the signal generated by the reflex
klystron. The wavemeter contains, as resonating
element, an adjustable cavity resonator or some
other tuned system coupled to the waveguide.
When the system is so tuned that resonance occurs
at the frequency of the microwaves in the waveguide
then the energy taken up in the system will be the
maximum. There are two ways of determining this:

a) The tuning can be determined at which the

Oem
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Fig. 14. Detector; the two lateral tubes fitted with a tuning
screw are adjusting elements; the screw in the right-hand end
of the waveguide serves for adjusting its terminating piston.
The cartridge containing the crystal has been taken out of
the detector.
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Fig. 15. Two methods for measuring the frequency of the
microwaves with the aid of a wavemeter. a) Reaction-type
wavemeter; the tuning is determined at which the energy loss
in the waveguide due to absorption in the resonating wavemeter
reaches the maximum. b) Transmission-type wavemeter;
the tuning is determined at which the energy transmitted by
the resonating system to the meter reaches the maximum.

loss in power suffered by the wave travelling in the
waveguide as a result of the presence of the wave-
meter reaches the maximum; for instance by meas-
uring the voltage induced in the fixed probe of
the V.S.W.R. meter (in the case of constant width
of the waveguide) as a function of the adjustment
of the wavemeter. When this voltage is the mini-
mum the wavemeter resonates and from its adjust-
ment one can determine the frequency (reaction-
type wavemeter).

b) It can be directly determined when the power
taken up by the wavemeter is greatest, with the
aid of a detector and a voltmeter connected to the
wavemeter (transmission-type wavemeter; the
power measured is now the the maximum when
resonance oCcurs).

These two methods of measuring are represented
diagrammatically in figs. 15a and 15b.

It depends upon the wavelength of the micro-
waves what kind of tuned system is used. For 3 cm

Fig. 16. a) Wavemeter in the form of a variable cavity reso-
nator for 3 ¢cm waves. One of the end plates can be moved
with a micrometer screw. b) Wavemeter for 10 cm waves;
this is in the form of a transmission line which can be tuned.
Both wavemeters are coupled to the waveguide by means of
windows.
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waves an adjustable cavity resonator is mostly
used ( fig. 16a); one of the end plates of this resona-
tor is adjustable with a micrometer screw.

For longer waves (10 cm) usually a tuned coaxial
transmission line is employed (fig. 16b and, dia-
grammatically, fig. 17). At resonance the inner
conductor is 2/, wavelength long; the sliding
contact on the rod is 1/, wavelength distant from
the shortcircuited end, for the average frequency
for which the meter is suitable, so that it always
lies near a current node and the contact does not
have to answer stringent requirements.

The coupling with the waveguide is usually
brought about by mounting the cavity resonator
or transmission line direct on the waveguide and
allowing the electromagnetic field to enter the
wavemeter via a window, as is to be seen in figs.

16a, 16b and 17.
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Fig. 17. Cross-section of the coaxial transmission line of fig. 16b.
At resonance the inner conductor is 3/, wavelength long, the
sliding contact being at !/; wavelength from the short-circuited
end of the outer conductor. The waveguide G (the longitudinal
direction of which is at right angles to the plane of the drawing)
is coupled to the wavemeter by the window K. The transmis-
sion line is open-ended at the right; by suitable choice of the
dimensions of the system the waves are prevented from being
propagated in the right-hand part of the cylinder, where there
is no inner conductor.

Summary. After explaining the necessity of employing wave-
guides in microwave installations for high powers, considera-
tion is given to the problems arising from the use of these wave-
guides. Discontinuities, bends and faulty matchings in the
waveguide cause reflection of the electromagnetic waves;
these reflections have to be avoided as far as possible, and it
is therefore necessary to be able to measure the reflective pro-
perties of a waveguide section. The effect of discontinuities in
the waveguide is explained by comparison with a transmission
line. Owing to reflection a standing wave is formed; the absolute
value of the reflection coefficient is determined by measuring
the voltage standing-wave ratio (V.S.W.R.) in the wave-guide.

For measuring the V.S.W.R. a waveguide section is used
in which the electric field can be determined from point to
point with the aid of a probe. In addition to a probe sliding
along the guide it is also possible to employ a fixed probe;
by “squeezing” the guide one can change the wavelength of
the oscillation in the waveguide and thus cause the field to
be displaced past the probe. Such a V.S.W.R. meter is only
suitable for measuring fairly small standing-wave ratios.
To determine roughly the correct matching of a waveguide
section, use is made of a directional coupler, with which the
strength of a signal travelling in one direction can be measured.

Finally the accessories of the measuring device are dealt
with separately; brief descriptions are given of the construction
of the generator for the microwaves, of the attenuator, of
the crystal detector rectifying the high-frequency signal,
and of the wavemeter for measuring the frequency of the
oscillations.
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ON ELECTRICAL SHAVING

by A. Th. van URK.

672.715.3-83.004.13

While shaving, one may well ponder about such questions as to how exactly the hairs of the
beard grow, how fast they grow in a day, how thick they are and how many cover a square
centimetre of the skin. It is the knowledge of such matters as these, supplemented by experiments
relating particularly to electrical shaving, that forms the basis for the rational construction

of an electric dry-shaver,

Skin and hair

The human skin, a cross-sectional diagram of
which is given in fig. 1, consists of three layers:
the outer skin, or epidermis, the leathery skin, or
corium, and the lower skin, or subcutis. As far as
shaving is concerned it is of course mainly the outer
skin that we have to deal with. This is a mucous
membrane built up in a number of layers, with
the cells gradually migrating to the surface, where
they become flattened out parallel to the surface

61130

Fig. 1. Cross section of a part of the human skin, with a
diagrammatic representation of a hair. I epidermis, 2 corium,
3 subcutis, 4 hair shank, 5 root of the hair, 6 hair sac, 7 hair
papilla, 8 sebaceous gland, 9 hair muscle.

and ultimately are cast off in the form of horny
scales. Consequently there are two main layers in
the outer skin. The lower one is formed of living
cells which continuously divide themselves, and
it is therefore called the germinative layer, or stra-
tum germinativum. The other is a surface layer,
called the horny skin, or stratum corneum, which
acts as a protective covering; it consists of cells
that are no longer capable of dividing themselves.

There is a very intimate connection between the
outer skin and the corium, on account of the finger-
shaped spurs, called papille, extending from the
corium into the epidermis. These papille contain
capillary blood vessels, and as a consequence a
cut extending down to the level between the epider-
mis and the corium is apt to cause bleeding, as is
often the experience when using a razor. The thick-

ness of the epidermis on the cheek of an adult is
between 90 and 120 microns, i.e. about one-tenth
of a millimetre. The papillee do not extend more
than about 8 microns into the epidermis of the cheek.
The hairs of the beard of an adult male are formed
in the skin. The part protruding from the skin is
the hair shank, the scapus pili, whilst the part hidden
in the skin is called the radix pili, or the hair root.
As shown in fig. 1, this root is contained in a sac or
follicle, called the folliculus pili, which is embedded
in the mucous membrane of the epidermis and in
the corium and sometimes extends down into the
subcutis. At the bottom of the hair sac is the hair
papilla, bulbus pili, a spherical protuberance out
of which the hair grows. Finally, at the side of the
hair sac are sebaceous glands feeding the hair
with fat, and below these is a muscle, the musculus
arrector pili, which enables the hairs to erect them-
selves at times, or, as the saying goes, to stand on
end. :
Tt has been found that the daily growth of the
hairs forming the beard varies between 0.2 and 0.6
mm, averaging 0.4 mm.

Density of the beard

To form an idea of the density of the beards
of various people, photographs have been taken of
parts of the beard of a number of test persons and
from the greatly magnified photographs the numbers
of hairs per square centimetre have been counted.
As is only to be expected, these numbers differ
considerably, as is evident from the following
figures: ' ' s ‘
on the chin: 40 - 100 - 120 - 100 - 110 - 110 - 70 -

80 -90-100-70-90-90 - 70, aver-
aging 90 hairs per ¢m? ' -
on the cheek: 45 - 60 - 70 - 85 - 70 - 60 - 60 - 80 -
' 35 - 80 - 50 - 55 - 35 - 40, averaging
60 hairs per cm?2. ,

In a beard there is therefore on an average no
more than one hair per mm? (by way of comparison, -
the density of the hair on top of the head can be
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taken as 3 hairs per mm?. According to these re-
sults 1) and taking into account the area covered

by the growth of beard, a normal beard has about
13,000 hairs.

R '
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Fig. 2. Magnified photographs of part of the beards of two
test persons. Left: part of the chin, 110 hairs per cm?: right:
part of the cheek, 35 hairs per cm?®.

Two of the photographs mentioned above are
reproduced in fig. 2.

Thickness of the hairs

For the construction of a shaving apparatus it
is of essential importance to know the maximum
thickness of the beard hairs: it is obvious
that the minimum width of the slots or holes of
the apparatus into which the hairs have to be drawn
before they are cut has to be greater than the
maximum thickness of hair likely to be met with.

This has been investigated by taking 31 “shavings”
and measuring the thickest hairs found in them.
The results are graphically represented in fig. 3.
It appeared that the maximum thickness most
commonly occurring was 0.14 mm. In about 909%,
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Fig. 3. The greatest thickness of the hairs contained in each
of 31 “shavings” was determined. For each value it has been
plotted how many times it occurred as maximum value. It
appears that in about 909 of the shavings examined the maxi-
mum thickness of hair is less than 0.18 mm.

1) The figure of 40 hairs per cm? sometimes found in the
literature on the subject is apparently based on inaccurate
data.
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of the number of shavings examined the maximum
thickness of the hairs in any one of them proved
to be less than 0.18 mm.

It is also possible to get some idea of the average
thickness of beard hairs. The average weight of
24 “Philishave” shavings from a beard growth
of 24 hours was found to be 28 mg. Taking the num-
bers of hairs in a beard at 13,000, as previously
calculated, with an average length of 0.4 mm, and
reckoning the specific gravity of hair as being
approximately 1, the average thickness of the hairs
in an average beard works out at about 0.07 mm.

The hair “streams” in a beard

The roots of practically all hairs are planted
obliquely in the skin. From this, and the fact
that neighbouring hairs stand at an angle to the
surface of the skin in almost the same direction,
it follows that the hairs of the beard grow in
different directions, depending on what part of the
face they are growing. We therefore speak of
hair streams. In these streams the directions
of the hairs are nearly always at a small angle to

each other, and thus, instead of being parallel,

i i

S (FETRN: U A Y
Z % 7%

\\\\\ S/
d

a b c g
N 2 2y
e f q

81132

Fig. 4. Various examples of “hair streams” occurring in the
human beard: a) stream with a centre of radiation, b) stream
with a centre of attraction, c) diverging and d) converging
stream, e) cross-shaped growth, f) diverging and g) converging
eddy stream.

converge or diverge. Indicating the directions of
the “stream lines” by arrows, we get diagrams
greatly differing in shape, some examples of which
are given in fig. 4.

These hair streams, which are characteristic for
each individual, have to be taken into account
when shaving, because shaving against the stream
is more effective than shaving with the stream.
When shaving electrically one instinctively feels
how the direction of movement of the shaving head
has to be changed, according to what part of the
face is being shaved; sometimes the shaving head
has to be moved in a straight line and sometimes
it has to be rotated.
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Construction of the “Philishave” dry-shaver

Having now said something about the growth
of the hairs of the beard, we shall consider how
these facts can be taken into account in the con-
struction of a dry-shaver, in this case the “Phili-
shave’ dry-shaver 2).

This apparatus consists of a stationary part,
the shaving cap, which is pressed against the skin
and has a large number of slots into which the hairs
are guided, and a moving part that cuts off the hairs.
The latter part has a rotating motion, and not an
oscillating motion as in the case of a pair of clippers.
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instead of being allowed to fly about. This appara-
tus and some of its component parts are illustrated
in fig. 5.

What one desires with a shaving apparatus is
to be able to shave quickly and cleanly, without
any risk of injuring the skin. In this respect the
width of the slots and the thickness of the cap
where the cutter is rotating are particularly im-
portant.

Let us first consider the width of the slots.
We have seen that the average thickness of the
beard hairs is 0.07 mm, but to be able to catch also

61276 {

Fig. 5. On the left the “Philishave” dry-shaver and the guard cap. On the right the same

but with the shaving cap and cutter detached.

It consists of a six-fold milling cutter rotating at
a high speed and pressed gently by a spring against
the inner face of the stationary cap.

Compared with the oscillating movement, the
rotating motion has the advantage that a very
much higher cutting speed can be reached, this
being helped by the presence of the six-fold
cutter. The cap has been given such a diameter
that the whole of its surface can always be in con-
tact with the skin. A secondary advantage, but not
unimportant from the hygienic point of view, of
the construction of this apparatus is that the hairs
which have been cut off are collected in the cap

%) A description of this apparatus was given by A, Horowitz,
A. van Dam and W. H. van der Mei, “The dry-
shaving apparatus “Philishave”, Philips Techn. Rev. 4,
350-354, 1939. In the design described in that article a
three-fold milling cutter was used, but the more recent
designs have a six-fold cutter.

the thickest hairs the slots must in any case be
wider than 0.18 mm. The wider the slot the greater
the chance of catching the hairs, since roughly
speaking this chance is proportional to the difference
between the width of the slot and the thickness
of the hair. For quick shaving, therefore, a fairly
wide slot is desired. On the other hand, however,
if the slot is too wide there is a risk of the skin
bulging out too far into the slots — a point which
will be further dealt with presently — and thus
suffering damage. A width of about !/, mm appears
to be a good compromise.

The slots on the inside of the shaving cap, where
the cutter describes its circular path, are extended
to the edge of the cap (see fig. 5) and join up with
the guiding grooves in the cylindrical wall of the
cap. In order to ascertain how and where the hairs
enter the slots, film photographs were taken of
a beard rubbing over a shaving cap. When the test
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person rubs his cheek over the cap at a rate of say
10 ¢m per second and the slots are 0.25 mm wide,
a hair will pass across the slot in about 1/400th
of a second. A normal film camera taking 24 pictures
per second is therefore not suitable for showing
how a hair is caught up in the slot. Consequently
a camera with a very high speed had to be used,
taking up to 3000 pictures per second. A magnified
cut from one of the films is reproduced in fig. 6.
This investigation showed, inter alia, that long hairs
enter the slots mainly via the guiding grooves,
while shorter ones may appear anywhere in the
slot.

The second important factor mentioned above
was the thickness of the shaving cap. At first
sight one would be inclined to say that the thinner
the cap the better it is — provided it remains
sufficiently rigid — because with a thin cap the
hairs will be cut off closer to the skin than is the
case with a thicker one. Actually, however, what
takes place is that the skin, which is more or less
supple, bulges out into the slots and thus helps
in cutting the hairs off short. But since it is not
desirable for the skin to penetrate too far into the
slots, as we have already seen, on that account alone
a limit is set to the thinness of the shaving cap,
apart from the question of rigidity.

An investigation has also been made to see in
how far the skin tends to bulge out into the slots.
The device used is illustrated in fig. 7. From the
results obtained it appeared that the extent of
penetration (thus the suppleness of the skin)

Fig. 6. One of the pictures from a cinematographic film show-
ing how the hairs of a beard are caught up in the shaving cap
of a “Philishave” dry-shaver.

not only differs considerably as between one person
and another but also shows rather great differences
for the same person between the various parts of
the face (cheek, chin, neck). Naturally the extent
of penetration also depends for a great deal upon
the force with which the shaving cap is pressed
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Fig. 7. Microscope set-up used for measuring the extent to
which the skin bulges out when shaving with a dry-shaver.
The shaving cap is centred in the round glass cap at the front
of the apparatus, and is illuminated from the inside by a
number of small lamps placed in a circle round the objective.
The microscope eye-piece is inside the cone on the right-hand
side of the apparatus. The observer focuses the microscope
onto the inner face of the shaving cap along which the cutters
run, and then onto the skin; the displacement gives a measure
for the bulging of the skin.

against the skin, but when using the apparatus
one very soon acquires the “feeling” to know on
what parts of the face the shaving head has to be
pressed down more or less heavily in order to get
a clean shave. In the light of these considerations,
with a slot width of !/, mm about 0.1 mm is found
to be the most suitable thickness for the material
of the shaving cap.

Finally, in fig. 8 four enlarged photographs
are given of part of the beard of a test person shaved
in three different ways, viz. with a safety razor,
by a barber with an ordinary razor and with a
“Philishave” dry-shaver. In all three cases the face
is sufficiently clean-shaven (disregarding the single
hair accidentally left by the barber, photo c).
In the case of photo b it may aptly be said that the
“safety” razor has shaved off the beard “with hide
and hair”, whereas photo d shows that the “Phili-
shave” dry-shaver — thanks to the carefully cal-
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Fig. 8. The same part of the beard of a test person, 8 times enlarged, a) before shaving,
b) after shaving with a safety razor, ¢) after being shaved by a barber, d) after shaving

with a “Philishave” dry-shaver.

culated dimensioning of the shaving head — has
left the original structure of the skin practically
untouched, better even than the professional barber
with his razor.

Summary. From data obtained from the literature on the
subject and from his own observations the writer gives a
brief account cf the growth of the hairs of the beard. The

number of hairs in a normal beard amounts to about 13,000
and the growth per day is about 0.4 mm. The maximum
thickness of the hairs has been found to be 0.18 mm and the
average thickness 0.07 mm. For quick and clean shaving
with the “Philishave” dry-shaver the width of the slots and
the thickness of the material of the shaving cap are of primary
importance. It is described how, with the aid of a high-speed
camera taking up to 3000 pictures per second, a study has
been made of the manner in which the hairs of the beard are
caught up in the shaving cap. A brief description is also given
of the means employed for measuring the extent to which
the skin bulges out into the slots when shaving.
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PUMPING OF X-RAY TUBES

With this apparatus four X-ray tubes (diagnostic tubes for 110 kV, of the “Statix”
type) are pumped simultaneously. The elliptical oven seen raised above the tubes can be
lowered over them for heating the tubes to the temperature required for degassing.
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ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF THE
N.V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprints of these papers not marked with an asterisk can be obtained free of charge
upon application to the Adzmmstratlon of the Research Laboratory, Kastanjelaan,

Eindhoven, Netherlands.

1892: J. Haantjes: A self-oscillating line-deflec-
tion circuit (Bull. S.E.V. 40, 633-635, 1949,
No. 1).

Description of a self—oscﬂlatmg circuit in which,

apart from a short fly-back time, the voltage is a .

linear function of time. Schematically the circuit
may be represented by a self-inductance L and
a capacitance C connected in parallel to a battery
via a switch. If the switch is penodlcally opened
for a short time, equal to the time of one half
" oscillation of the circuit, oscillations of the desired
properties will occur. In the article it is shown how
the switch may be realised by a combination of a
diode and a triode. By a slight modification the
internal resistance of the switch may be lowered.
Some other alterations are described, which allow
the circuit to be synchronized, on the control grid,
with negative pulses of a few volts from a source
of rather high internal impedance \(see Philips
Techn. Rev. 10, 307-317, 1948).

J. A. Lely and T. W. van Rijssel:
X-Ray collimator producing a beam of very
small divergence and large intensity (Acta
crystallographica 2, 337, 1949, No. 5).

1893:

Short description of an X-ray collimator, con-
. sisting ‘of two polished glass bars, 120 mm long,
placed almost parallel to each other (distance at
one end 9 y, at the other end 140 p) and cemented
between two glass plates. The narrow opening is
placed as close as possible to the focus of the
X-ray tube.

The primary beam entering through the slit is
rendered parallel by multiple total reflections
- against the polished surfaces. In this way beams
may be obtained with a divergence of only a few arc
minutes, which sufficesto measure lattice distances of
350-400 A. With a slit the gain in intebsity is 3-5
times and with a square aperture (pmhole) 10-30
times.

1894: E. J. W. Verwey: Nouveaux matériaux
céramiques (Bull. Soc. Chim. France, Maxs-
Avril 1949, p. D 120-121). (New ceramic

materials; in French.)

Survey of modern synthetlc ceramic materials,
which are used in electrotechnical engineering for

their special dielectric, magnetic or conductive
properties. Special attention is paid to the spinels
containing iron (XFe,0,). See Philips Techn. Rev. 9,
186-191, 239-248, 1947).

N

1895: E. J. W. Verwey: Valence induite (Bull.
Soc. Chim France, Mars-Avril 1949, p. D122) _
(Controlled valency; in French)

By introducing monovalent - ions (e.g. 11120)
into a lattice of trivalent ions (e.g. NiO) a certain
fraction of these ions passes into the trivalent
state during the formation of the .solid solution
in equilibrium with an atmosphere containing
oxygen. By this process the originally non-conduct-
ing oxide becomes a semiconductor, the conductivity
of which can be easily controlled.

1896: E. J. W. Verwey: Arrangeﬁleﬁt des'cations
dans les spinelles (Bull. Soc. Chim. France, -
Mars-Avril 1949, p. D 123). (Cation arrange-

ment in spinels; in French.)

The lattice energy of spinels is calculated as a
function of small variations of the distance of the
oxygen ions for different cases of occupation of
the tetrahedral and octahedral interstices. Certain
special cases are discussed in detail (see No. 1894
of these abstracts). -

W. Elenbaas and E. W van Heuven
Water-cooled hlgh pressure - mercury-dis-

- charge lamp for dlrect-cun'ent operation
(J. Soc. Motion Pictiire Eng. 53, 594-597,
Nov. 1949).

‘ A water-cooled high-pressure mercury-vapor
lamp operated on direct current which has been
used for motion picture projection is described.
When mounted in a suitable reflector it is a power-
ful light source for high-speed photographic applica-
tions. The lamp has a bore of somewhat less than
2 mm and an arc length of 12!/, mm. It can be
operated continuously at 1000 watts and has .a
brightness of about 320, 000 candles per square
inch along the axis of the are. With the reflector
described, an area 5 inches in diameter can be
illuminated to 50,000 foot-candles with one lamp
unit. With a lamp of double length consuming 2
kilowatts the illumination level may be increased
considerably.

1897:
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1898: P. C. van der Wiylligen: Lasbaarheid
van zacht staal en laaggelegeerd staal
(Lastechniek 15, 317-322, 1949, No. 12).
(Welding properties of mild steel and low
alloy steel; in Dutch.)

From equilibrium diagrams of iron with different
admixtures, such as Fe-S, Fe-P, Fe-H, Fe-N and
Fe-O, the influence of these admixtures on the
weldability of mild steel and low alloy steel is
discussed; the part played by hydrogen from the
electrode-coating is considered.

R 125: J. te’ Winkel: A note on the maximum
feedback obtainable in an amplifier of the
cathode-feedback type (Philips Res. Rep.
5, 1-5, 1950 No. 1).

The total feedback on the last valve in a feed-
back amplifier is calculated for the case that the
feedback voltage is derived from an impedance
inserted between the cathode of the last valve
and earth (cathode feedback). This quantity is
shown to have an upper limit which depends only
on the frequency and on the ratio of the trans-
conductance and input capacitance of this last
valve; the total feedback also appears to be invari-
ably less than the product of the individual feed-
back of the valve and the feedback around the
main loop. ]

R 126: J. L. H. Jonker: Valves with a ribbon-
shaped electron beam: contact valve; switch
valve; selector valve; counting valve (Philips

Res. -Rep. 5, 6-22, 1950, No. 1).

This paper describes some of theresults obtained
in investigations with the object of developing cath-
ode-ray tubes with ribbon-shaped electron beams
suitable for purposes such as high-speed switching.
By comparing the physical characteristics of the
more common beams of circular cross-section with
those of a ribbon-shaped beam, it is shown that
by employing the latter the size of the tubes can
be so much reduced that the customary radio-valve
techniques can be applied in their construction.
The new possibilities thus created are illustrated
by (1) an electronic contact valve, which may
serve as a telephonic switch, (2) a valve of similar
design for replacing magnetic relays in central
telephone stations, (3) a valve operating as a
multi-contact switch, and (4) a valve capable of
recording at a high speed a number of pulses
fed to ome of its electrodes.

R 127: J. M. Stevels: Some experiments and
theories on the power factor of glasses as
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' a function of their composition, I. (Philips
Res. Rep.'5, 23-36, 1950, No. 1).

For a number of series of glasses in which the
composition is varied systematically, the power
factor (tan J) and the dielectric constant at 20 °C
and for a frequency f= 1.5 X 10° ¢/s have been
measured.

R 128: J. D. Fast: The gas phase in equilibrium
with a solution of carbon, oxygen, hydrogen
and nitrogen in liquid iron (Philips Res.
Rep. 5, 37-45, 1950, No. 1).

From data available in the literature the com-
position of the gas phase in equilibrium with a
dilute solution of C, O, H, and N in liquid iron is
compiited. In the range of temperatures from
1800 °K to 2000 °K the equilibrium pressures are
approximated by formulae of the type

P4 B C
log——2m2m 2D, .. (6
E %A [%B T ®)

where T is the absolute temperature and where
the %, figures indicate weight percentages of the
various elements in the liquid. The form 4,B,
indicates the different gases (CO, CO,, H,, H,0,
CH, and N,).

R 129: K. Rodenhuis: The limiting frequency
of an oscillator triode (Philips Res. Rep. 5,
46-77, 1950, No. 1).

This paper discusses the theoretical evaluation
of the “limiting frequency”, that is, the highest
frequency at which a triode is capable of oscillatinAg.

A triode is considered as a four-terminal network.
General conditions are derived that must be satisfied
by the four-pole coefficients in order that a four-
terminal network shall be able to deliver power
to an external circuit; these are then identified
with the oscillatory condition of a triode. The
relations existing between the four-pole coefficients
of a triode on the one hand, and the properties
of the electron current, the series resistances in the
electrode leads, the resistance of the emissive coating,
and the dielectric losses in the insulators on the
other hand, are established and discussed. Finally
the theory is applied to the  ultra-short-wave
oscillator triode EC 81 where the calculated limiting
frequency isfound to be 159, in excess of the limiting
frequency observed. This discrepancy can be attrib-
uted to the approximations in the theory. The
relative importance of various factors is clearly
brought out by the calculations. In a concluding
section the experimental determination of the
limiting frequency is briefly described.
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'’ DEALING WITH TECHNICAL PROBLEMS _
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
. . THE PHILIPS INDUSTRIES

EDITED BY THE RESEARCH LABORATORY OF N.V. PHILIPS' GLOEILAMPENFABRIEKEN, EINDHOVEN, NETHERLANDS

THE PHILIPS 100 kV.E_LECTRON 'MiCROSCOPE _

by A.C. van DORSTEN, H. NIEUWDORP and A. VERHOEFF.

621.385.833

There is hardly any other instrument receiving so much attention as that paid to the electron
microscope by almost everyone practising the natural sciences: the physicist — creator of the
science of electron-optics upon which this instrument is based — sees in the development of
the analogy with the optical microscope a fine exemplification of the conception of the wave
character of the material particles; the biologist, the analyst, the medical practitioner, the
metallurgist and many others will be glad to have the use of this instrument; the engineer,
finally, experiences in its practical execution an accumulation of heterogencous techmcal
problems which are (or may we say were?) a challenge to his ingenuity.

Fundamentals of the development

The step from optical microscopy to electron
microscopy has brought mankind a great deal
farther in the knowledge of the .ultra-minute:
in the extreme case the beam of light can only
make objects of the order of about 0.2 micron
(2000 angstrém) distinguishable, whereas the elec-
tron beam has already made objects of 10 to 20

angstrom visible, thereby permitting us to penetrate’

deeply into the fine structure of technically applied
materials, into the world of bacteria and viruses,
even into the field of large molecules, with but a
relatively short and maybe not unbridgeable gap

separating us from the individual atoms (of the

order of 1 édngstrém).-

Notwithstanding the successes already attained,
electron-microscopy may be said to be still in its
infancy. This.is symptomized in the fact that the
instrument with which one works still demands
a great deal of the observer’s attention, it being
rather more an art than a science to make really
good pictures with the electron microscope, pictures
in which the very utmost is reached as regards
resolving power, contrast, etc.

Defining briefly the fundamental idea of the.

electron microscope developed by Philips in recent
years and now brought into production, we may
say that the foremost aim in the construction of

7

this instrument has been to facilitate work with
the electron microscope as far as possible. The
perfecting of the auxiliary apparatus and making
it automatic, the systematic elimination of sources
of possible errors, far-reaching simplification of all
the manipulations necessary for operating the in-
strument, afford the investigator, on the one hand,
the possibility of producing very good micrographs
as routine work in a fraction of the time that
was required to get a picture with former instru-
ments, whilst on_the other hand, if precautions
are taken which require more time and skill, the
acme of perfection can be reached, .

The development of the Philips electron micro-
scope has been based upon the fundamental work
carried out by Le Poole and his co-workers in.
the Institute for Electron-microscopy at Delft.
An experimental microscope, which was the result
of that work, was descrlbed in this journal three
years ago 1).

Construction of the instrument

The instrument comprises four main parts:
1) the microscope tube, with, among others, the
1) J. B. Le Poole, A new electron microscope with con-

tinuously variable magmﬁcatlon, Philips Techn. Rev. 9,
33-45, 1947
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Fig. 1. The Philips 100 kV electron microscope (type number 11980). The microscope
tube is mounted on a desk at an angle. The desk, comprising three compartments of cast
aluminium, contains in the left-hand compartment the pumping system, in the right-hand
compartment the supply apparatus for the lenses and all the other electronic apparatus,
and in the middle, underneath the microscope tube, the high-tension generator, whilst on
the panel underneath the circular viewing screen and on either side of the tube are various
control knobs, control meters, etc.

electron source, the electron lenses — which are
of the magnetic type —, the specimen holder,
the the
photographing;

viewing screen and device for
2) a system of pumps for evacuating the micro-
scope tube;
3) a high-tension generator supplying the voltage
for accelerating the electrons;
4) the apparatus for energizing the electron lenses.
These parts, together with the necessary elec-
trical gear, are built into a kind of desk shown in
the photograph in fig. I and in sectional view in
fig. 2. The microscope tube is mounted at an angle
on the desk with the uppermost end closed with
a flat glass plate (16 mm thick in order to with-
stand the air pressure of 1 atmosphere when the
tube is evacuated). On the inside of this glass
plate is a fluorescent screen 20 cm in diameter,

on which the enlarged image of the object is pro-
duced so that it can be observed through the glass.

In the following description of the various
components most time will be devoted to the
microscope tube itself, but also the principles of
construction applied in the auxiliary apparatus
deserve some attention. In conclusion details in
the operation of the instrument will be passed in
review, not in order to give directions for use but
rather to show in how far the object outlined above
has been attained.

The microscope tube

Principles of the electron-optical system

The formation of the image with an electron-
optical system, in particular with magnetic electron
lenses, has been discussed at length in the afore-
mentioned article in this journal 1), so that here



AUGUST 1950

it suffices to recall the most important points.
A beam of electrons, emitted from .a filament
and accelerated in a strong electric field, is directed

upon the specimen to be investigated. Different

parts of the specimen attenuate the beam to a
. varying extent by scattering the electrons more
or less. Thus the-beam passing through it carries
with it an image of the structure of the specimen,

ELECTRON MICROSCOPE

and after its subsequent passage through the

_ field of an’ electron lens the plane of the specimen

35

(object plane) is produced on a grea‘tly magnified
scale onto another plane (the image plane)
situated farther along The image can be made
visible with a fluorescent screen in the i image plane,
but it can also first be magnified still further by
a second and. possibly- still more electron lenses.
The most commonly employed is the construction
with two lenses (two-stage mlcroscope), the first
of which is called the objective lens and the
second the projector lens. ‘

Fig. 2. Cross section of desk and microscope tube. At the bottom
is the high-tension generator connected to the tube by a
cable. By means of a crank handle seen protruding from the
desk on the left the tube can be cranked up into the vertical

vposmon to facilitate dismantling whenever this is necessary.
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A magnetic electron lens is formed by the inhi)moge'neous
magnetic field in a short coil. For a strong lens (small focal
length) strong fields are required, for instance of the order
. of 0.6 Wh/m? (6000 gauss). These are obtained by giving
the coil a large number of ampere-turns and completely
surrounding it by an iron jacket, except for an annular gap
in the inner wall. To concentrate the field still more an annular
pole piece of a suitable profile is inserted in the opening of
the coil on either side of the gap; see fig. 3. '

In this way focal lengths of 3 to 4 mm are obtained with
a lens of reasonable dimensions and a magnification of the

order of 100 times can be obtained. The focal length of the -

lens can be varied by varying the excitation.
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Fig. 3. Magnetic electron lens. L coil; Fe iron jacket with

annular gap d; 4,, 4, pole pieces; ¢ electron beam. An image of -

_an object at p is formed at b. Naturally the electrons have to
travel in vacuum. To keep the space that has to be evacuated
as small as possible, the annular gap is sealed vacuum-tight
by filling it up with a non-magnetic material. — In actual fact
the electrons do not travel along paths as drawn here: in the
magnetic field they are moreover given a circling movement
perpendicular to the axis, resulting in a helical orbit being

* followed. This is of importance when considering possible

aberrations, but there is no need to consider it here; for this

reason no account is taken of the circling movement, neither
in this nor in the other illustrations.

N

The electron-optical system of the Philips elec-
‘tron microscope is mainly composed along the
same lines as that of the experimental instrument
designed by Le Poole. This system comprises not
two but five magnetic lenses. The first of these
acts as a condensing lens for “illuminating” the
_specimen, the second one is the objective lens and
the last one the projector lens. The third and fourth
lenses, which are energized alternatively, are deno-
ted as the diffraction lens and the intermediate
lens. ‘ - .
The intermédiate lens makes it possible ‘to
reach a strong total magnification (in our case
60,000 X) without the magnification of each of
the three active lenses individually having to be
excessively large; the main advantage is that the
microscope is kepf comparatively short (the overall
length of the microscope tube is 81 cm). Moreover,
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by varying the excitation of the intermediate lens
the magnification can be varied continuously
within wide limits (from 4000 times to 60,000 times)
with the whole area of the screen, which is 20 cm

-in diameter, still being completely covered. With

a two-stage microscope it is hardly possible to get
such a continuous variation of the magnification,
as is explained at length in the article !) previously

quoted.
By switching on the diffraction lens — a
weak lens with wide bore — the enlargement is

made smaller than that of the objective and pro-
jector together, and thus the range of enlargements

- from 1000 times to 4000 times is also covered, thereby

linking up with the magnifications of the optical
microscope. The diffraction lens derives its name
from the fact that it affords a very simple means
of obtaining an electron-diffraction diagram
of the part of the specimen observed. This is achiev-
ed by adjusting the excitation of this lens in such
a way that instead of the image plane of the
objective lens its focal plane on the image side
is displayed in the object plane of the projector
lens (and thus onto the fluorescent screen). Just as
in the case of the optical microscope, according to
the theory already given by von Abbe, it is in
this focal plane that the diffraction spectrum of the -
structure of the specimen appears. For the normal
examination of a picture, in the path of the beam

_not far from the said focal plane, there is a very
“narrow diaphragm which allows only the first diffrac-

tion maxima belonging to the “coarse” structural
details to pass through, which maxima have to
contribute towards the formation of a well-contras-’
ted image of these details. For obtaining diffrac-

' tional patterns, however, it is the aim to obtain an

image of the first diffraction maximum of each
detail of the fine structure (arrangement of mole-

"cules and atoms). As these maxima lie much farther

from the optical axis, the objective diaphragm
just mentioned has to be replaced by a much
wider one. Thanks to the presence of the diffrac-
tion lens, no ‘other mechanical manipulations
whatever are needed and it is therefore possible
to change over in a few seconds from the normal
image to the diffraction diagram of part of the
specimen.

Fig. 4 gives a schematic representation of the .

-paths followed by the electron rays in the three

different situations: large magnifications, small
magnifications and diffractional work. For the sake
of clarity the width of the lens bores and of the
electron beam is greatly exaggerated in these
drawings: actually the path followed by the electrons
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as far as the ‘projector lens is nowhere more than nating current of 50 cfs, thereby causing the
about 1 mm from the axis, and it is not until they electron,beam to “wobble”, so that it still strikes
have passed through:that lens that they diverge the specimen in the same spot on the axis of the -
at large angles so as to cover the whole of the fluores- tube but at an angle varying in size and direction

* cent screen. - with a frec!uency of 50 c/s; see fig. 5. VV,hat this
. | ..

Fl a . b c Ty .

Fig. 4. Representation of the electron paths in the Philips electron microscope, which has
five lenses: L, condenser, L, objective, L, diffraction lens, L, intermediate lens, L; projector;
K the electron gun, F; fluorescent screen. The widths of the lens bores and of the electron
beam have been drawn on a very much exaggerated scale for the sake of clarity. D,, D,
D, are various diaphragms to be discussed later. ‘
, a) Situation with high magnification (4000-60,000 times); diffraction lens not energized.
b) With low magnification (1000-4000 times); intermediate lens not energized. ’
¢) The situation for diffraction work. On the screen an image is produced of the focal
plane f at the image side of the objective lens and not of the object plane p. An . |
intermediate image of p is formed in the plane d.

In addition to the principle of the intermediate amountstois thata single-plane beam is temporarily
lens and the diffraction lens there are two other wused with a much larger aperture than is usual
important developments used in our electron micro- (1/100th radian as against the normal 1/1000th
scope which are due to Le Poole and which will be radian). The blurring of the image caused by a -

" described here, namely the focusing device and the small deviation between the specimen and the ob- '
manner in which the image is photographed. ject plane of the objective lens is made much more

The focusing device consists, in our case, of pronounced by the larger aperture; when the ex-
two sets of deflection coils mounted between citation of the objective lens is varied in order to
the condenser lens and the specimen. While obser- bring the object plane closer to the specimen the
vations are being made these coils are out of action, minimum of the blurring thus gives a distinct
but for focusing they are energized by an alter- criterion for the coincidence of the object plane

- N
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with the sI;ecimen. Focusing with the “wobbling”
beam is of particular advantage for the largest
magnifications, when the images on the fluorescent
screen have rather low luminosity.

[
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Fig. 5. Schematic representation of the focusing system.
Between the condenser L; and the objective L, are two small
coils S’, S”, generating two magnetic fields in opposite direc-
tions and at right angles to the electron beam e (b). Normally
these coils are not energized; the beam passes straight through
and has a very small angle of incidence (). Upon the coils
" being energized with a direct current the beam e is deflected

by S’ and brought back again by S”, in such a way that

it strikes the specimen at the same point as before (c, the
fully drawn lines). While focusing the coils are fed with an
alternating current of 50 c¢/s; a “wobbling” beam is thus
obtained (dotted lines in the drawing), which is equivalent
. * to “illuminating” the specimen with a beam having a much
larger angle of incidence than normal.

’

For photographing an image the electron
beam is made to fall directly upon the photographic
material. Following Le Poole’s method, a roll-
film is used which is placed between the screen and
the projector lens, fairly close tothe latter. The photo-
graphs thereby obtained are much smaller than
the image on the screen, thus effecting a saving
in the cost of the film and in the space occupied
in archives, etc., whilst at the same time, owing
to the greater concentration of the available electron
energy, a relatively short exposure suffices. If
necessary the photographs can subsequently be
examined under a large optical magnification;
thanks to the fine grain of the film nothing is lost
of the resolving power of the electron microscope.

This method is made possible by the minuteness
of the relative aperture at which the projector lens
is used: the individiial beams each producing animage
point on the screen are so narrow that an aston-
ishingly great depth of focus is obtained. The image
is sharp from a few cm behind the centre of the
projector lens right up to the screen and would
in fact still be 50 at several metres beyond the screen.

VOL. 12, No. 2

The electron gun

The electrons are supplied by a V-shaped fila-
ment made of tungsten, surrounded by a metal cap
with an opening of about 1 mm diameter through
which the electrons can emerge; see fig. 6. This
assembly is at a high negative potential (40 to 100 .
kV) with respect to the earthed metal shield of the
microscope tube. The filament is fed by a transfor-
mer connected to the mains and insulated against

- 100 kV. The electrons emerging through the opening

in the cathode cap are accelerated by the prevailing
potential difference and, under the focusing action
of the local electric field, follow in a narrow beam
the axis of the tube. '

The field required for focusing is obtained by
giving a suitable shape to the cathode cap and the
shield and keeping the cap at a negative potential
of 80 to 100 V with respect to the filament. The latter
is ensured by connecting the cap direct to the high-
tension point a resistor being inserted between that
point and the filament. Atthe same time this provides
for a self-regulating action of the emitted electron
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Fig. 6. Construction of the electron gun (simplified). W
filament, G metal cap with small opening through which the
electrons emerge. Filament and cap are carried by the cylindri-
cal insulator I made of a special kind of “Philite”, mounted
vacuum-tight in the head of the earthed metal shield O of the
microscope tube. IV high-tension cable with rubber insulation
and earthed shield, a entrance of the miscroscope tube proper.
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current: as the emission current increases, the ne-
gative potential of the cap (acting as control grid)
with respect to the filament increases, thus counter-
acting the increase of the current (according to
the principle of a self-biased triode). We shall
presently see that this regulating action is of great
importance for the construction of the high-tension
generator. The emission current with which one
normally works is from 10 to 20 pA, of which
only a very small fraction, say 107'° A or still less,
reaches the fluorescent screen at the other end of
the microscope tube.

Fig. 7. Replacement of the filament. The removed cathode
cap is seen standing on the desk above the man’s hand.

Owing to the local relatively high temperature,
when the electron microscope is in normal use,
the filament has to be renewed every few days.
This is very easily done, since the filament is
mounted on a sintered glass base with fused-in
plug pins which can easily be inserted in or taken
out of the holder. The filament is reached by
turning down a hinged cover protecting this end of
the microscope tube, unscrewing the head of
the shied and drawing the electron gun out
(fig- 7). Each filament is previously centred on
its base, so that after it has been properly plugged
in the point of the V is automatically aligned
in the opening of the cathode cap. If necessary,
after the cap has been put back, the position of
the point of the V oan be corrected by slightly

ELECTRON MICROSCOPE 39

shifting the filament holder with the aid of three
set screws.

The lenses, diaphragms and apertures

The electron beam originating from the electron
gun enters the tube of the electron-optical system,
This
relatively weak lens concentrates the beam more or
less upon the specimen. The focal length can be
adjusted between 30 and 2.5 cm. The angle of
incidence of the electron beam striking the speci-
men varies between 0.002 and 0.00015 radian.
A diaphragm in the condenser, 0.3 mm wide, limits
the width of the beam. When the cathode end of the
microscope tube is opened (fig. 7) this condenser
diaphragm can easily be withdrawn from the con-

first passing through the condenser.

denser with a special tool, for cleaning it when
necessary.

The next lens is the objective lens, a strong
lens with a focal length of about 4.5 mm. In the
conventional construction this lens has two pole
pieces approaching each other to within 1 to 2 mm
and having an axial bore of 1 to 3 mm through which
the electron beam passes. In our microscope, how-
ever, the distance between the pole pieces and also
the width of the bore is approximately 10 mm
and the pole pieces have been made correspondingly
heavier. The whole lens is “scaled up” as it were,
as may be seen from figs 8a and b. This method of
construction of the objective lens has three impor-
tant advantages. In the first place the spherical
aberration, one of the factors limiting the resolving
power of the microscope, is appreciably reduced
as compared with the normal construction. Secondly
another important aberration, astigmatism, can be
practically eliminated owing to the fact that the
1 cm bore can be mechanically worked with smaller
relative deviations from the rotational symmetry
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Fig. 8. a) The conventional construction of the objective lens.
b) “scaled up” objective lens; e electron beam, p specimen,
practically in the object side focus D, objective aperture.
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than is possible with a bore of 1 to 2 mm, whilst
magnetic inhomogeneities in the material of the
pole pieces are almost entirely eliminated as a
source of asymmetry thanks to the greater distance
between the iron and the electron beam. Thirdly
— and perhaps this is the most important advantage
owing to the constructional consequences — the
focal point of the object, which in the normal con-
_struction is always somewhere inside the bore of
the upper pole piece,nowliesinthespacebetween
the two pole pieces (fig. 85). Thus the specimen,
"which has to be brought into a plane very close

to the focal point of the object, can be brought
" into place by means of a straight rod from the side,
whereas in the conventional construction a rather
complicated mechanism was always needed to
bring the specimen over the objective lens in the
tube and then to lower it into position in the bore.
Not only is the specimen holder thus made much
simpler in our construction, but it is now also a
practical possibility to make a very efficient
“specimen lock”, thereby reducing the time taken in
exchanging the specimen and re-evacuating the
microscope tube to only about 20 seconds. The
construction of the specimen holder will be further
described later 2).

The objective aperture is likewise situated in
the space between the pole pieces of the objective
lens (fig. 8b). As already mentioned, two different
apertures can be used, a small one for normal im-
aging (40u) or a larger one for diffraction work
(about 1 mm). Both apertures are contained in
a platinum strip fixed to a rod-like holder which is
also inserted from the side. It depends upon the
depth to which the holder is screwed in, which of
thé two apertures is brought into the beam.

The position of the apertures can very easily be
checked by switching on the diffraction lens of the
microscope, when an image of the small aperture
. can be seen on the screen magnified about 200 times.
" Also any contamination of the diaphragm due to
particles broken away from the specimen is immedi-
ately detected. Should the aperture need cleaning
then thé holder can be unscrewed and drawn out,
without involving any dismantling of the micro-
scope. B |
23) A “scaled-up” objective lens was already used by L.

Marton (Phys. Rev. 58, 57, 1940). From theoretical

considerations W. Glaser (Z. Physik 117, 285, 1941) has

drawn the conclusion that in the normal construction of
an objective lens the object plane can come to lie between
the pole pieces when the lens is very strongly excited, and
that the spherical aberration is then comparatively small.
In the normal construction, however, the difficulty is
. éncounttered that with sich a strong excitation the pole

pieces become saturated. This does not occur in the
- “scaled up” constriction with the excitation required here.
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Contrary to the conventional construction, where
the objective aperture is built in; inaccessible from
the outside, and cannot be directly checked, with our
microscope there need never be any uncertainty as
to the condition and centering of the aperture,
and as far as this is concerned one can always work
under optimum conditions. .

Between, the objective lens and the next one,
the diffraction lens, is a square selector dia-
phragm the size of which can be varied continu-
ously. This is used for diffraction work, for selecting
the part of the specimen of which it is desired to
obtain a diffraction pattern. In the plane of this
diaphragm an intermeédiate image of the specimen
is then formed; upon the diaphragm being reduced
the electron rays emerging from the outer parts
of the specimen are prevented from taking part
in the formation of the diffraction pattern. With
the smallest opening of the diaphragm that can be
used the effective plane of the specimen measures
1p. X 1p and with the largest opening about 30p X
30u. The principle of the construction of the selec-
tor diaphragm is represented in fig. 9.

61381

Fig. 9. Schematic representation of the construction of the
selector diaphragm, e = axis of the microscope, perpendicular
to the plane of drawing. Two fork-shaped pieces can be made
to overlap more or less by means of the rods B,, B,. The
square opening in between the forks is thereby varied con-
tinously in size and can be shifted in its entirety tothe right or
left. The opening can also be displaced upward or downward
(in the plane of drawing) by changing the position of one of
the two wedge-shaped plates (b,’, by’) of each fork with respect
to the other (by, b,) in the direction of the rods, by means of
two other.thin rods B,’, B, sliding in an axial bore of the
first-mentioned rods. All four adjustments are made from the
outside without disturbing the vacuum in the microscope
tube; the adjustment is checked by projecting an image of the
square on the fluorescent screen. :

After passing the selector diaphragm the electron
beam passes through the diffraction lens and
the narrow bores of the intermediate and pro-
jector lenses. The functions of these various,
lenses have already been described in the fore-
going, and their construction does not present any
new aspects. All five lenses are provided with water-
cooling for carrying off the heat generated in

them by the excitation currents. To illustrate this
{ . .
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description a (somewhat simplified) _cross-sectioil
of the whole of the microscope tube is given in fig. 10.

It is a problem of great practical importance how

to ensure (a) that the electron beam passes freely
through the numerous narrow openings and (b)
that moreover the beam follows exactly the axis
of each lens in order to avoid the aberrations inherent
in-rays oblique to the axis (coma, astigmatism).
This latter point is of particular importance for
the objective lens. The two requirements together
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Fig. 10. Cross-section (sin&pliﬁed) of the microscope tube
with the electron-optical system consisting of five lenses.
L, condenser, S focusing device, L, objective lens (made in
two parts), Q objective-aperture holder. This holder, and the
specimen holder p, which cannot be seen in this drawing
because it stands at right angles to the plane of the cross
section, are illustrated in detail in fig. 13. B,, B, holders of the
" selector diaphragm, Lg diffiraction lens, L, intermediate lens,
L projector lens. E centering device. (T specimen table,

-C camera with turning knob k;, k; knob for the marking device
X; see in the following text.) . A .

1
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imply in the first place that the axes of all five lenses
must be' accurately aligned. In our microscope
this has been ensured in the following way. The
condenser lens and the two halves of the objective

Jens — this has to be made in two halves to allow

of the specimen table (dealt with later) being put
into place — are joined together with precisely
gauged fittings. The coils of the diffraction lens,
intermediate lens and projector lens are wound on
one common iron-core cylinder with magnetically
insulating rings in between, the pole pieces for all
three lenses, together with the necessary spacing
rings, being inserted in the bore of the cylinder
(fig. 10). In this way these last three lenses form one
rigid unit, which in turn is connected to the first-
mentioned part of the tube with a fitting, whilst
the first pole piece of the diffraction lens, forming
the link between the two parts of the tube, can be
readjusted with set screws if necessary after the
instrument has been assembled. The axes of the five
lenses are thus so accurately aligned that any further
adjustment on the part of the user of the micro-
scope could not improve matters, so that there was
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Fig. 11. Schematic representation of the centering device.
e = electron beam perpendicular to the plane of drawing.
The coils E,, E,’ connected in series generate a- magnetic
field H,, the coils E,, E,’ a field H,. The electron beam is deflec-
ted by the Lorentz force in a direction perpendicular to
the resulting field at the place of the beam, By slightly varying
the current through the two pairs of coils the resulting field
can be varied in strength and direction and thus the electron
beam deflected as far as may be necessary in any desired
direction.

no need to make any provision for this possihility.
In the second place, however, it has now to be en-

" sured that the electron beam entering the tube is

directed precisely along the axis of the tube. Since
the electron source has to be repeatedly renewed,
it must be made possible for the user of the micro-
scope to céntre the beam anew when necessary.

Ay
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As a departure from other constructions, where the
electron gun can be shifted or tilted in its entirety
by means of flexible connections between the elec-
tron gun and the microscope tube, we have chosen
the constructionally more attractive method of
directing the beam by deflection with the aid of
magnetic fields. This centering device can be
seen at the top of the diagram in fig. 10 (F). It
consists, in essence, of two pairs of coils, each pair
supplying a magnetic field directed transversely
to the beam. Its action is explained in fig. 11.

The specimen holder

The specimen is mounted on a very small silver
plate with a rectangular opening and this carrier
is clamped in the rod-like holder already mentioned
(fig. 12). The holder is placed in what may be called
the specimen table, a flat metal disc of non-mag-
netic material placed in the gap between the pole
pieces of the objective lens. This disc can be shifted
about 1 mm, by means of two pins, in two directions
at right angles to each other and both perpendicular
to the axis of the microscope tube. By a combination
of these two movements any part of the small
specimen can be brought into the centre of the
object plane, thus making it possible to “scan”
the specimen with a uniform movement. Rubber
ring seals over and underneath the disc ensure
that the vacuum is maintained. This sealing and
some other constructional details of the specimen

61942

Fig. 12. The rod-like specimen holder, with underneath on
the left (greatly magnified) one of the small silver plates
acting as carriers for specimens. The drawing on the right
below shows how such a plate is clamped in the holder.

VOL. 12, No. 2

table and holder (and also of the holder for the
objective aperture already discussed) are given in

fig. 13.

62066

Fig. 13. The specimen table (T'), into which the rod-like
specimen holder P is inserted. ¢, t, pins for shifting the table,
the vacuum being preserved by the rubber ring seals J,, J,.
Y specimen lock with rubber piston z and spring v. Q holder
of the objective aperture D;, which is only a few mm away
from the specimen. The axial displacement of this latter
holder, for changing the two objective apertures, is brought
about by turning the milled nut W, two stops being provided,
each corresponding to the exact position of one of the apertures.
In order to facilitate accurate centering of the small aperture
in the axis of the microscope the guide for the holder rod Q
can be swung round a little; this adjustment of the direction
of Q is made with the set screws g, g;. It is only needed if
the holder has been entirely withdrawn, for instance for
cleaning the diaphragm. U are rubber rings of the so-called
oil-seal type.

The two pins just mentioned are operated with
two knobs at the side of the fluorescent screen via
a system of levers either side of the microscope
tube. Thus the specimen table can be shifted while
one is sitting in front of the desk and watching
the image on the screen. The displacement of each
pin can be read accurately to within 1y on an illu-
minated dial, so that it is quite easy to find a certain
part of the specimen again. The lever system is so
constructed that in the event of any slight defor-
mations of the desk (displacements of the lever
bearings) no force is transmitted to the pins; thus
the image is not shifted if, for example, someone
should lean upon the desk! The specimen is shifted
quickly and very smoothy, the frictional force to
be overcome in moving the specimen table being
no more than about 10 newton (1 kg).
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It has already been mentioned that the specimen
holder has a sort of “lock”. The principle of this is
to be seen in fig. 13. When the specimen holder
is withdrawn a rubber piston is pressed by
a spring into the opening through which the speci-
men holder is drawn out, thereby automatically
closing that opening. When the holder is reinserted
the piston is forced back, against the pressure
of the spring. Only the small amount of air between
the specimen rod and the bore in the table (some
mm?) gets into the microscope tube.

The rod-shaped specimen holder has also made it
possible to devise an extremely simple method for
making stereo-micrographs. Without disturbing
the vacuum the rod can be turned over a small
angle about its axis. This axis lies in the specimen
plane, so that, as the rod is turned, the centre of
the specimen remains in place. In this way two
micrographs can be taken of the specimen in suc-
cession, differing only in that the electron beam
passes through the specimen volume at a somewhat
different angle. When these photographs are viewed
in a stereoscope one sees a three-dimensional picture.
Thanks to the great depth of focus of the electron
microscope, corresponding parts in the two photo-
graphs are equally sharp, although the concerned
part of the specimen was once in front of and once
behind the exact object plane.

The camera and accessories

It is a remarkable fact that in electron-microscopy
the photographically recorded picture shows more
than the visual image on the fluorescent screen,
such in contrast to other comparable instruments
like the telescope and the optical microscope,
where usually the reverse is the case. It is therefore
only obvious that where an electron microscope

Fig. 14. The camera for 35 mm film used for recording the
image.
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is used ome prefers the photographic method for
purposes of observation. This also has the advantage
that the instrument need not be kept engaged
for studying the pictures, whilst moreover the pic-
tures recorded in micrograms can always be

referred to again.
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Fig. 15. Projection chamber of the microscope. Here the camere
C is shown in the position of rest. To make a micrograph the
camera is brought into the electron beam e by sliding it along
the pin c. At the bottom of the drawing, on the edge of ths
glass cover is a simple photometer for roughly determining
the exposure time required for each picture. Via a small lens
and a prism pr contained in a corner ground out of the glass
cover, a small lamp [ gives a spot of light seen by the observer
beside the image on the fluorescent screen (FI). The strength
of this spot of light is varied with a diaphragm d, adjustable
in four steps, until it corresponds as closely as possible to
the brightness of the image on the screen. Once the
sensitivity of the film is known the position of the diaphragm
— the figures are illuminated by the lamp itself, so that they
can be read in the dark — gives a measure for the exposure
time required, the four pesitions corresponding to exposures
in the ratio of 1: 3 : 10 : 30. In practically all cases a more
accurate determination is not needed. (For f, g and n see
fig. 16.)

In the case of our microscope the images are
photographed on standard film of 35 mm width.
The camera, illustrated in fig. 14, contains the
two spools for winding and unwinding the film and
a shutter in the form of a hinged cover. The film
comes to lie at such a distance from the projector
lens that the photographed image corresponds to
a square of 14 X 14 cm on the screen, i.e. the square
just fitting in the circle of 20 cm diameter. The
spools offer space for a roll of film sufficient for
40 micrographs.




While visual observations are being made the
camera is turned aside from the projection chamber,
but still within the vacuum; see fig. 15. When a
micrograph has to be made the camera is moved
along into.the electron beam by means of a knob
provided for the purpose outside the microscope
tube. With a second knob the shutter is opened and
the electrons are thus allowed to fall upon.the film.
The exposure required is roughly determined by
a simple, small, measuring device shown at the
bottom of fig. 15. ' :

The film is transported automatically with the
movement of the camera: every time the camera
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Fig. 16. Mechanism for operating the camera and automatic
film transport- (here the electron beam e is directed upward).
). The camera C is moved to and fro by means of the knoh &,
via the vacuum-sealed spindle a, and the ratchet-gear drive h.
The Kknob kj,, which is turned with the other hand, opens the
shutter flap s, via the spindle a,. When the camera is moved it
slidés along a fixed pin ¢ passing through the hollow bush of
the. film spool f on which the exposed film is wound. On this
bush.is a cam n directed inward which engages in a coiled
groove g cut in the fixed pin. As the camera is moved along
the pin the spool is thus caused to rotate, such that the film
is wound up exactly half a picture length farther while the
‘camera is travelling from the outermost position as far as it
can go inwatds. Upon the camera being returned to the outer-
‘most position again the cam follows a coiled groove in the
opposite direction (leading back to the beginning of the first
groove),sothatthespool is rotated further in thesame direction
and the film is wound up another half picture length. The cam
can never return along the same groove because of a freewheel
coupling preventing a corresponding reverse rotation of the
winding spool; one is therefore obliged to move the camera
right along to the stop in both directions, thus precluding
any possibility of .partial overlapping of the photographs
(double exposure). A counting mechanism on the knob k;
shows how many of the 40 picture frames of the film have
been exposed. .. :

- As a matter of fact there are tw o cams, and not one,
running in two grooves in the one direction and in two opposed
grooves in the other direction (see development of the pin in
fig. 16b). Thanks to this double cam action only half a
revolution of the film spool corresponds to the transport of a
whole picture length; this spool therefore has twice the dia-
meter, which has the advantage that there is relatively little
variation in the length of film wound up from the first to the
fortieth picture and thus little film need be wasted. Moreover
the steeper grooves give a gredter lateral force component
on the cam, making it eagier for the flm spool to be rotated.
X is a device for marking the scale on the micrographs.
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.is moved forward and back again the film is wound

one picture frame farther, so that double exposures
are precluded. The mechanism employed for this
is similar to that used in a wimble, a to-and-fro
movement being translated into a unilateral ro-
tational movement. The mechanism is illustrated
and further explained in fig. 16. When the film is
completely exposed air is let into the microscope
and the camera taken out, after removing a cover

‘ held with two screws. : .

Of course, if it is desired to develop and examine a certain
microgram at once, the camera can be taken out before the
film is completely exposed. While the work in the dark room
is being done one can carry on with the microscope work
with another camera previously prepared.

The scale can very easily be marked on each
image that is to be photographed. Immediately
underneath the pfojector lens, in the electron beam,
are two parallel wires, the distance between which
can be changed by means of a ratchet-gear drive
(see X in fig. 16, with knob k, and spindle aj).
These wires cast two parallel shadow marks on a
cm scale drawn close to the edge on the fluorescent
scréen. The distance between the wires is adjusted
so that the distance marked off on the cm scale
corresponds to 1 p length in the specimen. The
distance required between the marks follows direct-
ly from the magnification factor shown by a
milliammeter measuring the excitation current
of the intermediate lens or the diffraction lens.
The 1 p. length thus marked off is, of course, correct
at any point where the electron beam is intercepted,
thus also on the film. In fig. 17 a micrograph is
reproduced which was made with our electron
microscope and which clearly shows the 1y marking.

For good micrographs to be obtained a very high degree
of electrical and mechanical stability of the microscope is
essential. The electrical stability will be discussed presently:
As regards mechanical stability we have to stress once more
the importance of the rigid construction of the microscope
tube, in which no flexible connections of any kind have
been used between the various parts. Even when all possible
precautions have been taken (some of these will be mentioned)
the transmission of small vibrations to the microscope tube
cannot be entirely avoided. In order to test the sensitivity
of our instrument to vibrations we introduced a vibrator in
the desk by way of experiment, when it was found that the
specimen holder vibrated with an amplitude of 2 y.. Although,
with a magnification of 20,000 times, this should have resulted
in an unsharpness of 4 cm on a fixed film, the microgram ob-
tained was still perfectly’ sharp! Owing to the rigid con-
struction the transmitted vibrations apparently caused all
parts of the microscope tube, including the specimen holder, to
vibrate as one whole, thus without affecting the picture
quality at all.
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Fig. 17. Micrograph of magnesium oxide taken with the Philips
electron microscope at a magnification of 18,000 times. The
cube-shaped crystals lie on a film of “Formvar” and the whole
is “shadowed’” with a stream of uranium vapour. At the top
on the left-hand side of the photograph are the two scale
markings, the distance between which represents alength of 1 p.
Photo b shows a detail of @ at a magnification of 60,000 times.

A closer examination of the original micrograms shows that
here the resolving power is better than 50 angstréom. With
factory-made microscopes built according to the design
described here micrographs have already bheen obtained where
the resolving power was found to be 25 éngstrom.

In conclusion of this part of the description of the
electron microscope, in fig. 18 a photograph is given
in which the whole of the microscope tube is seen
and in which some of the parts discussed can easily
be identified.

The high-tension supply

The electrons can be accelerated with a voltage
of 40, 60, 80 or 100 kV. The highest voltage — which
is unusually high for an electron microscope of a
commercial type — makes it possible to photograph
even the thicker objects (viz. bacteria) occurring
in normal investigations. The lower voltages may
be required for examining extremely thin and light
specimens, which at a higher voltage give pictures
of less contrast. The lowest voltage may also prove
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useful for making micrographs under unfavourable
vacuum conditions, for instance when the specimen
or the film is giving off gas, which at a higher voltage
would make it impossible to operate the tube.
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In this connection it is well to touch upon a fundamental
question, namely that of the brightness of the magnified
images produced on the fluorescent screen. In the case of
micro-projection with an optical microscope with the maximum
useful enlargement of about 1000 times, the pictures are still
sufficiently bright if the light source used has a brightness

Fig. 18. Top view of the desk with the protective covers of the
microscope tube thrown open. At the top the conical projection
chamber, in the neck of which are the two knobs for operating
the camera and the removable cover for taking the camera out.
Halfway down the tube, on top, is the knob for the specimen
holder, to the left of that, at the side of the tube, the knob
for the objective aperture, and a little higher up, on either
side of the tube, the knobs for the selector diaphragm.

of say 2000 candela/cm?. For a 100 times larger magnification,
however, a 10,000 times brighter light source would be required
to get pictures of the same brilliancy, thus a light source about
100 times brighter than the sun!:In electron-microscopy
the situation is essentially analogous. To get a sufficiently
bright fluorescent image with a magnification of 100,000
times an enormously “bright” beam is needed (“brightness”
here is the energy per second, per unit of solid angle and per
unit of apparent emitting surface). That this should be at
all possible is only due to the fact that additionalenergy can
be supplied to the beam of rays emitted and which illuminate
the specimen, this being done by accelerating the electrons.

Thus it is seen that the high veltage does not serve the sole
purpose of “hardening’ the electrons to give them the power
of penetrating through the specimen.

The high D.C. voltage is supplied by a cascade
generator of a conventional type, consisting of a
50 kV transformer and a combination of two valves
and two capacitors. The voltage is smoothed by
a filter and adjusted to one of the four previously
mentioned values by means of a variable ratio
transformer preceding the high-tension transformer.
A photograph of the generator which is mounted
in an oil-filled casing is reproduced in fig. 19.
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The position the generator occupies in the desk
and its connection to the microscope tube by a
rubber cable with earthed shield are to be seen in
fig. 2. The cable runs behind the desk with a wide
loop and is secured axially to the head of the micro-
scope tube, so that sufficient play is left when the
cathode end of the tube has to be opened for re-
newing the filament. The cable shield is connected
air-tight to the earthed shield forming the head
of the microscope tube — a construction similar
to that found with “Metalix”” X-ray tubes. Since
there are no insulating surfaces exposed to the air,
the instrument can be used even under unfavourable
atmospheric conditions, and particularly under
reduced atmospheric pressure (e.g. in laboratories
high up above sea level), without any risk of flash-
overs, via the insulation.

The focal length of a magnetic electron lens,
energized by a current I, for electrons accelerated
by a voltage V), is proportional to V/I? (at least
so long as the iron of the pole pieces is not saturated;
see formula (4) in the article quoted in footnote 1)).
In order to get perfectly sharp micrographs it is
therefore necessary that during say 30 seconds
— about the longest time required for focusing an
exposure — the accelerating voltage does not vary
by morc than 1/20,000 and the excitation currents
by no more than 1/40,000.

Fig. 19. The high-tension generator ready to be placed in the
oil-filled tank. On the left at the bottom is the 50 kV high-
tension transformer. On top of that is one of the capacitors
and, still higher, the two valves for the cascade circuit (see
the diagram in fig. 20); the second capacitor, together with
the resistors and capacitors of the smoothing filter, is in the
large cylinder on the right at the back. On the right at the
front and on the extreme left, somewhat higher up, are the
100 kV insulated filament-current transformers for the cathode
of one of the valves and for the filament of the electron gun.
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There are various methods for stabilizing the
" high tension to the required degree. The most effec-
tive method consists in feeding back the fluctua-
tions in the high tension to the high-tension genera-
tor 3). In this way both the variations arising at
the input (mains voltage fluctuations) and those
arising at the output are counteracted. The output
variations may be due, for instance;, to reduced
emission of the.filament, variations in the filament
voltage, release of traces of gas in the tube, or
— to put it in general terms — to variations of the
load. In our case, thanks to the connection of
electron gun resembhng a self-biased triode, the
load of the generator is constant to a high degree,
it thus being sufficient to stabilize the input
voltage of the generator.

To this end, the generator is fed from a small
valve oscillator (output 20 W) oscillating at a
frequency of 100 c/s. The D.C. voltages required
for feeding this oscillator are derived from a highly
stabilized supply unit of known design %). Fig. 20
is'a circuit diagram of the complete high-tension
generator. ‘ .o

The pomt gained in the method of stabilization
employed is that it costs little trouble to keep a

v 3k

Tgr "
'F .
v 3 - I =
2

S T

Fig. 20. Circuit of the high-tension generator. T’ high-tension
transformer, C,, C, capacitors and V,, ¥, valves of the cascade
circuit, T, variable-ratio transformer, Ty, ng, Ty, filament-
current transformers, F smoothing filter, M mlcroscope tube
with cathode K and earthed anode. The generator is fed from
the valve oscillator O (frequency 100 c/s) which receives the
necessary anode and filament voltages from the stabilized
supply unit G. The high-tension parts are drawn in heavy lines.

62071

3) See, e.g., A. C. van Dorsten, Stabiliz.ation of the ac-

celerating voltage in an electron microscope, Philips
.. Techn. Rev. 10, 135-140, 1948.
4) H. J. Llndenhovms and H. lea, A direct current
- supply” apparatus with stabilized voltage, Phlhps Techn
Rev 6, 54-61, 1941,
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low D.C. voltage highly constant,'and thus a highly

constant A.C. output of the oscillator is ensured.
Attempts to stabilize direct the alternating
voltage of the mains and to use this as input for
the high-tension generator, for instance by means
of the known stabilizers with transductors, were
doomed to failure in our case, because these sta-
bilizers have too much inertia to smooth out surges
and are also too - sensitive for. mains-frequency
ﬂuctuatlons nowadays so often occurrmg

.

The choice of 100 ¢/s for the valve osclllator made it possible

- to use a hxgh-tenswn transformer of a ‘normal type frequently

used in X-ray. apparatus With hxgher frequency it would
have been necessary to have a transformer of a special
low-capacitance construction.- '

]

Wherever accelerated electrons come into colli-
sion with matter they generate X-rays. This is
especially the case on the condenser aperture,
which receives roughly half the electrons, emitted.
The metal jacket of the microscope tube and the
iron jackets of the lens coils- make it unnecessary
to take any spec1a1 measures for’ protectlon of the
user against the X-rays from this source. More
attention had to be paid, however, to the X-rays
generated on the fluorescent screen. These rays, it
is true, only reach an appreciable intensity when
there is the strongest possible concentration of

.the ‘electron beam upon the specimen and the

smallest magnifications are used, but this source
of X-rays is very close to the observer’s face.
Consequently, in order to remnder this radiation
harmless, the thick' covering window of the Hicro-
scope tube has been made of lead glass and the

~ shield round the projection chamber lined -with

lead. The X-ray dose that may possibly be received
during an 8-hour working day is therefore no more
than 1/100th to 1/10th of the tolerance dose per-
mitted in the various counties.

Energizing of the electron lenses

. As already pointed out, the windings of the mag-
netic lenses have to be energized with a current
that does not vary by more than 1 : 40,000 during
30 seconds. A stabilized supply unit like that men-
tioned above (see footnote %)) cannot supply this
energizing current direct; it supplies a constant
voltage, whilst the resistance of the lens windings
changes rather considerably with the temperature
(in spite of the water cooling, the temperature
is by no means to be regarded as constant). By
modifying the circuit described in the article quo-
ted %), however, a power pack can be constructed.
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which yields a constant current. The system adop-
ted by us is represented in a simplified form in
fig. 21 and explained in the caption. Roughly it
can be said that the system has the tendency to
keep the voltage constant between the points

+800V

[\})
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Fig. 21. Simplified circuit of the power pack supplying a
constant current for an electron lens. The voltage drop across
the constant resistor R, increases with the current flowing
through the lens coil L, so that the control grid of the pentode
B, (type EF6) becomes less negative, the current through B,
increases, its anode potential drops and thus the control
grid of the pentode B; (type ELS51) becomes more negative,
thus counteracting the tendency of the current through B,
(= current through L) to rise. — The greater the amplification
factor of the two valves and the higher thc resistance of R,,
the more sensitive is the regulation and thus the smaller the
resulting current fluctuations. In order to obtain the required
grid bias for B, at a high value of R, the voltage drop across
R, is compensated by a sufficiently high opposed voltage E,
(~ 75 V). This voltage, which acts as a reference voltage,
must of course be highly constant.

a and b and, since there is an accurately adjusted
resistor R, with an extremely low temperature
coefficient between those points, the current flowing
through this resistor, which is the same as the cur-
rent for energizing the lens winding L, is likewise
kept highly constant.

The current can be adjusted to the desired value
by varying the resistor R,. This implies that a
separate power pack according to fig. 21 is needed
for each lens that has to be varied in strength
independently of the others. This is the case
with the diffraction lens and the intermediate
lens respectively for varying the magnification,
and also with the condenser lens for adjusting the
“illumination”. The focal lengths of the objective
lens and the projector lens, on the other hand,
the first of which has to be only slightly variable
for focusing, can be coupled together. In all,
therefore, we have three power packs. These,
together with the common, small, stabilized unit
supplying the constant reference voltage (E, in
fig. 21), are shown in fig. 22.
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The objective lens and the projector lens are inter-
linked by connecting the windings of these two len-
ses in series, with counterwise direction of the cur-
rent. This has the advantage that the image
rotations caused by the two lenses (see the caption
of fig. 3) practically compensate each other. During
focusing, therefore, no trouble is experienced from
image rotation.

Also when varying the magnification, by adjusting
the energizing current for the intermediate or
diffraction lens, there is no image rotation worth
mentioning, thanks to these lenses working with
only a relatively small enlargement and thus in
themselves causing hardly any image rotation.

When varying the accelerating voltage V, of
the electrons it is necessary to change also the ener-
gizing currents for all lenses in order to get the
same focal lengths (the variation required is
inversely proportional to }V;; see above). Each
of the three power packs therefore has, for the four
steps of the high tension, four different resistors
R, which are automatically switched over when
selecting the value of the high tension (with the
large switch knob seen on the front of the desk in
fig. 2). When the voltage is changed there is there-
fore hardly any need, if at all, to readjust the lenses.

The path followed by the electrons must not be

fow 2 0x e

Fig. 22. Drawn-out chassis with the three power packs for
the condenser lens (max. 100 mA), the diffraction or the inter-
mediate lens (max. 100 mA) and the objective and projector
lenses (max. 400 mA). Owing to the higher currents required
for the last two lenses this power pack has three EF 51 valves
connected in parallel, instead of the one pentode B, (fig. 21).
At the back is the stabilized supply unit for the constant
reference voltage E,.
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influenced by foreign magnetic (or electric) fields.”
In some microscopes this has had to be specially
provided against, but in our microscope this has
not been necessary because the lens coils with
their iron jackets directly joining up with each
other already form a very effective screening.

The vacuum system

To be able to work the microscope tube with
100.kV the pressure inside the tube must be lower
than 10~ mm Hg. Since, when working with the
microscope, the vacuum is repeatedly disturbed
and has to be restored, a rapidly acting and easily
operated pumping system is essential. The system
employed here is represented in fig. 23. It comprises

. _..@

61994

Fig. 23. Schematic diagram of the vacuum system. M micro-
scope tube, Z pumping line, P}, P,’ high-vacuum pumps, P,
fore-vacuum (rotary oil) pump driven by the motor 4; the
high-vacuum pumps are water-cooled, the cooling system being
connected in series with that for the electron lenses. IV fore-
vacuum tank, m, manometer for recording the fore-vacuum,
m; Penning manometer for the high vacuum; the neon glow-
lamp serving as indicator for the latter manometer can be
seen through a slit in the front panel of the microscope desk
(fig. 1). K,-K; valves. :
two high-vacuum pumps in series, viz. an oil-
diffusion pump and a small mercury-vapour jet
pump serving as a booster pump, capable of pump-
ing at a rate of about 10 litres/sec at-10~* mm Hg,
and further a fore-vacuum pump (rotary oil pump)
and a fore-vacuum tank. The pump line is connected
to the microscope tube in three places: two wide
connections are made to the cathode and projection
chambers and a narrower one at the level of the
selector diaphragm (see fig.2). Thus when the air is _
" being pumped out it does not have to travel through
the whole of the microscope tube with its narrow
passages. The connections are sealed off with rubber
rings, in such a way that any vibrations from the
high-vacuum pumps are not transmitted to the
microscope tube. ’

The microscope is evacuated in four stages:
the microscope tube is pre-evacuated, the high-
vacuum pumps being pre-heated;
the fore-vacuum tank, with the permanently
connected high-vacuum pumps, is pre-evacuated;

)

2)
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3) the microscope tube is connected to the high-
vacuum pumps; '
the fore-vacuum tank is disconnected from the
rotary oil pump and the latter stopped (at the
same time air is admitted above the oil in this
pump to prevent the oil from rising and entering
the pump line). : :
Under normal conditions the whole cycle, starting
with the microscope filled with air under atmospheric
pressure, takes about 2 minutes ). When stage
4 has been reached, the fore-vacuum tank and the
specimen lock enable the microscope to be used
for several hours on end and a large number of
specimens can be examined before it becomes
necessary to switch on the rotary oil pump again
for a few minutes. ! : '

The various necessary connections between the
pumping lines are made with valves, which are .
easier to operate than the classical cocks. The lines
have been so arranged that all these valves could
be contained in one single valve box. All the connec-
tions that have to be made according to the above
system are brought about by turning one single
knob, driving a cam shaft inside the valve box
which has a cam of appropriate profile for-operating
each valve as required.

In addition to the four positions corresponding
to the four stages of pumping mentioned above, the
valve-operating knob has a - fifth position, the
zero position (0) in which the microsope is shut
off from all the pumps and atmospheric air can
be let into the microscope by means of an inlet
valve operated with a push-button. A filter in this
valve line keeps out moisture and dust.

4)

Operation of the instrument; safety measures

In the foregoing description of the Philips
electron microscope stress has been laid on the
measures taken for facilitating the operation of
this instrument: the centering of the electron beam,
the focusing of the image, checking of the apertures,
insertion of the specimen, making micrographs,
replacement of the filament, single-knob operation
of the vacuum system. °

The principle of single-knob operation and auto-
matic control is applied in more than one connection
in this microscope. Mention has already been made .
of the voltage selector, which automatically changes

%) This cycle always has to be passed through after a new .
film has been put in, Then, too, the microscope can be
evacuated in two minutes, but only if the. film has been
stored in a dry place. If this simple precaution has not been
taken then the evacuation may take hours, owing to the
moisture absorbed by the gelatine layer of the film being
only very slowly released. S
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the lens currents at the same time. Another example
is the adjustment of the magnification: one knob
covers the whole range of magnifications, from 1000
times to 60,000 times. The switching over from the
diffraction lens to the intermediate lens, necessary
for changing over from enlargements smaller than
4000 times to stronger magnifications, is done auto-
matically with the same knob. Yet another example
is the focusing device. Deflection is started simply
by pressing a button, which is kept pressed in so
long as one is adjusting the objective lens current:
Finally, there is again the vacuum system: the spin-
dle of the knob already referred to is also fitted
with a control drum switching on the motor of
the rotary oil pump in the positions 1,2 and 3 and
switching it off in the positions 4 and 0.

A number of measures have been taken to safe-
guard the instrument against damage through
breakdowns or faulty manipulations. The control
drum just referred to, coupled to the operating
knob for the vacuum system, has an additional
contact operating a relay in such a way that high
tension can only be applied to the microscope tube
when that knob is in position 4. Thus it is impossible
for ‘the high tension to be switched on by mistake
before the tube has been evacuated, which would
cause a gas discharge in the tube. If, however, the
manometer should not have been properly watched
and the knob prematurely turned to position 4,
or if throug‘ﬁ some fault or other the vacuum in
the tube should fail, nothing can even happen
-then, because an overload switch in the earth lead
of the high-tension circuit trips the high tension

as soon as the emission current in the tube exceeds

.3 mA, a value corresponding to the occurrence of
a glow discharge which doesno damage to the micro-
scope tube nor to the generator. Further, the knob
for the vacuum system is fitted with a locking device

- which permits of its being fully turned in one direc-

tion only: for a complete cycle, from the air being

. . . /
admitted up to the tube being evacuated again,

. the knob has always to be turned from the zero
position (0) through the positions 1, 2, 3 and 4
back to 0, in that order. If it were possible for the
knob to be turned by mistake from 0, after air has
been admitted into the tube, the wrong way round
direct to position 4, in which the tube is connected
to the high-vacuum pumps, then — owing to the
large amount of air that they would suddenly be
called upon to cope with — these pumps would be
thrown out of proper working order for some hours.
(For the same reason the push button used for ad-
mitting air into the tube is locked, so that it can
only be pressed in in the zero.position.) '

~
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Then there is also to be mentioned the safety
switch fitted in the outlet of the water-cooling
system. In the event of a stoppage in the circula-
tion of the water the excitation of the electron len-
ses is automatically switched off, and also the heating
of the high-vacuum pumps, so that no mercury
vapour or oil vapour can get into the microscope
tube. Simultaneously the heating of the high-
vacuum pumps is automatically switched off — and
then it is also impossible to switch on the high ten-
sion — if through some cause or other the fore- .
vacuum, measured by the mercury manometer m,
in fig. 23, is insufficient. This safety device works
with a relay which is switched on as soon as the
mercury column of the manometer reaches a con-
tact fitted in at a certain level. .

Pilot lamps on the operating panel show at a
glance what the situation is as regards the high -
tension, the water cooling and the fore-vacuum;
instruments, some of which have already been
mentioned, register the pressure inside the micro-
scope tube, the magnification setting, the emission
current, the filament current and the exposure time
required, whilst there is also a check on the stabi-
lization of the high tension.

This lengthy description may well have demanded
some patience on the part of the reader, and also

" the impression that must have been gained from

our introduction, namely that an electron micro-
scope is not exactly a simple instrument, will no
doubt now be more deeply rooted. It is well to
realize, however, that the complexity of this electron
microscope is for a large part not to be ascribed to
the principle of the instrument and certainly does
not involve proportional problems for the user.
On the contrary, this seeming complexity results
from the aims of the designers to relieve the user
as far as possible of the burden of having to pay
so much attention to this and that and from the
necessity of having to make so many manipulations.
As in so many other cases in modern engineering,
part of the human work is transferred to the machine
so that the operator can concentrate more on the
pdssibilities that the machine offers him.

Summary. In the Philips electron microscope the microscope
tube proper is mounted at an angle on a desk. The image is pro-
duced on a fluorescent screen 20 cm in diameter. Mounted in
the desk is the high-tension generator, the pumping system and
the supply apparatus for the electron lenses. The electron-
optical system, based on principles developed by Le Poole,
consists of five magnetic lenses. In addition to the usual con-
denser, objective and projector lenses there is an intermediate
lens and a diffraction lens, by means of which the magnifica-
tion can be continuously varied from .1000, times to..60,000
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times, with the screen entirely covered, and one can change
over immediately from the normal image of a specimen to an
electron-diffraction diagram.

" The microscope tube, with all the lenses, forms a rigid and

accurately adjusted unit. The electron beam is centered in °

the tube with the aid of a set of deflection coils. The objective
lens is' so constructed that the object plane lies in the gap
between the pole pieces (thus not in the bore). The specimen,
as also the objective aperture, can therefore be moved into
place from the side by means of a simple rod-like holder.
A kind of air lock limits the amount of air entering the micro-
scope to only a few mm?® when exchanging specimens, and it
‘takes no more than 20 seconds to restore the vacuum. The
objective aperture and other diaphragms can easily be checked
for centering and examined for contamination, and if necessary
readjusted and cleaned. Neitheris there any trouble in replacing
the previously centered filament in the electron gun.

The images are photographed on standard 35 mm film.
The sliding camera, with a film spool for 40 photographs, is
within the vacuum. The camera is moved into the electron beam
and. the shutter opened from the outside, the film being
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automatically transported further. Focusing of the image is
facilitated by a ‘‘wobbling” beam device.

The lenses are cooled with water and energized by three
power packs supplying stabilized currents of maximum 100 and
400 mA. The accelerating voltage can be varied in four steps
from 40 to 100 kV, the excitation currents of the lenses being
thereby automatically adjusted so as to retain the image.
The high-tension generator load is kept highly constant
owing to the seclf-biased electron gun. Thus the necessary
stabilization of the high tension is made possible merely by
keeping the A.C. input voltage highly constant, this being
achieved by employing a valve oscillator for the supply.

The fore-vacuum and high-vacuum pumps are operated in
the right sequence by one manifold control knob. Various
locking devices and safety switches safeguard the instrument
against damage through breakdowns or faulty manipulations.
Working with the microscope is further faéilitated by various
means, such as a device for uniform scanning of the specimen
and for finding any part of the specimen again, an exposure
meter, a marking device for indicating the scale on each
photograph, etc. :
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AN EXPERIMENTAL “STROBOSCOPIC” OSCILLOSCOPE
- . FOR FREQUENCIES UP TO ABOUT 50 Mc/s

1. FUNDAMENTALS

by J. M. L. JANSSEN.

621.317.755:621.3.029.5/.6

The highest frequency for which a sensitive cathode-ray oscilloscope of conventional
design can be constructed is limited by various circumstances to about 10 Mc/s. An artifice
makes it possible, however, to reach much higher frequencies. This artifice consists in the
application of an electrical analogy of stroboscopic exposure, the commonly known method
for studying periodical movements taking place so quickly that the eye cannot Sollow them
With the oscilloscope described here the stroboscopic flashes of light are replaced by electrical .
pulses which scan, as it were, the voltage curve that is to be examined and convert itiinto N

a phenomenon of low periodicity, which can then be viewed on the screen of a cathode-ray

tube in the normal way.

Highest frequency attamable with oscllloscopes
of conventional design

Cathode-ray oscilloscopes of the conventional
type consist of a cathode-ray tube with électrostatic
deflection, an amplifier for the voltage to be exam-
ined (vertical deflection), a device producing a
sawtooth voltage for the time base (horizontal
deflection) and some other parts with which we
are not concerned here. Each of the three component
parts mentioned sets a limit upon the highest fre-
quency that can be properly observed in the oscillo-
gram.

If, as the frequency is increased, the duration of a
cycle of the deflection voltage becomes comparable to
the time taken by the electrons to traverse the space
between the deflection plates, a transit-time
effect occurs in the cathode-ray tube. With an
accelerating voltage of, say, 1000 V this effect
becomes noticeable at frequencies of the order of
100 Mc/s.

The amplifier sets a much lower limit. If the
amplification is to be kept independent of the
frequency also at high frequencies, the amplification
per stage has to be reduced to a low level, so that
in order to get good sensitivity a large number of
amplifying stages are required !). Moreover, there
is a still more stringent requirement to be made
of the amplifier for an oscilloscope, namely that the
components of a non-sinusoidal voltage must be
" faithfully reproduced not only in amplitude but
also in phase. Furthermore the amplifier must-be
capable of supplying a considerable reactive current.

1) See e.g. H. J. Lindenhovius, G. ‘Arbelet and J. C.
van der Breggen, A millivoltmeter for the frequency
range from 1 000 to 30 X 10° ¢/s, Philips Techn. Rev. 11,
pp. 206-214,1949/1950 (No. 7).

‘

In fact, at a frequency of, say, 10 Mc/s the anode

- capacitance of the output valve and the parallel

capacitance of the deflection plates together form
an impedance of only something like 1000 ohms,
so that with a voltage of, say, 100 V between the
plates the capacitive current amounts to about
100 mA. A frequency of 10 Mc/s can therefore be
regarded as being roughly the upper limit for which
an oscilloscope amplifier can be built that answers
reasonable requirements. ’

Together with the frequency of the voltage to be
examined there is, of course, also the frequency of

_the time base to be raised. The highest frequency

at which a sufficiently large sawtooth voltage can be
generated with reasonable linearity and with short
ﬂyback time is about 1 Me/s. If the frequency of
the voltage to be examined (the voltage across the
pair of vertical deflection plates) is, say, 10 Me/s
then the oscillogram never comprises less than
about ten cycles, a number which for various pur-
poses is more than is desirable.

In the normal Philips oscilloscopes so far produced
lower frequency limits than those mentioned have
had to be chosen in order to avoid having to make -
these oscilloscopes for a wide range of applications
unnecessarily heavy and expensive. Thus the maxi--
mum frequency for the vertical deflection of the
type GM 3152 oscilloscope 2) is 1 Mc/s and that of
the type GM 3159 3) 0.5 to 1 Mc/s (according to
the sensitivity), whilst for both these types the
highest time-base frequency is 150 kc/s. There are
other types where, for special reasons, these limits
are still lower.

Naturally there is also a need for an oscilloscope

2) Philips Techn. Rev. 4, 198-204, 1939,

-3) Philips Techn. Rev. 9, 202-210, 1947.
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for frequencies higher than 1 Mc/s. Instead of
developing such an oscilloscope along the traditional
lines, offering but little prospect of reaching fre-
quencies higher than 10 Mec/s, we have found it

. preferable to strike out in an entirely different and

more promising direction. In view of the resem-

. blance it shows to the principle of stroboscopic

exposure the oscilloscope that has now been devised
has been called the “stroboscopic’ oscilloscope.

This first article explains the. fundamentals of
the stroboscopic method, whilst a further article
will be devoted to the electrical design of the various
components.

Principle of the stroboscopic oscilloscope

When positive voltage pulses of constant ampli-
tude are fed to the anode of, for instance, a pentode
(fig. 1), whilst there is only a (negative) D.C.
voltage on the control grid (this voltage not
cutting the valve off), then the anode current
consists of pulses of an amplitude depending upon
the control-grid voltage. When in addition a small
alternating voltage v, is applied to the control grid
and the frequency f, of that voltage is equal to
the repetition frequency f; of the pulses on the
anode (.fig. 2a), then the anode-current pulses all
have the same amplitude, this being determined
inter alia by the phase of the pulse with respect to

-the A.C. grid voltage. The same thing holds when

fois an exact multiple of f; (fig. 2b). But if f, deviates
somewhat from f;, or from nf; (where n is a whole
number), then the phase of each pulse with respect
to the alternating voltage differs from that of the
preceding one (fig. 2¢). ‘' The pulses then lag or lead
with respect to the alternating voltage and
thereby scan that voltage point by point. Thus
the anode-current pulses vary in amplitude and
form, as it were, a series of snapshots of the
amplitude of the alternating voltage. The lowest
frequency f; occurring in the anode current equals

the absolute value of the difference between f,

61684

Fig. 1. Circuit of a mixing va.lve (pentode M,) in which the
alternating voltage v, to be examined is mixed with voltage
pulses fed to the anode. R, anode res1stor from which the
output voltage is.taken,

“STROBOSCOPIC” OSCILLOSCOPE (FUNDAMENTAtS)

\

53

and nf;. If the voltage to be examinéd_ contains’
m harmonics of fre”q'uencies 2fo, 3fo, mf, then the
frequencies 2f;, ,3f;, mf, also occur in the anode
current.
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Fig. 2. Diagrammatic representation of the mixing process,
representing as functions of the time t: v, = voltage pulses
applied to the anode, v, = alternating voltage on the control
grid of the mixing valve, i; == anode current pulses. At (a)
the frequency f, of v, is equal to the repetition frequency f;
of the pulses, at (b) fo = 3 f; and at (c) there is a small
difference between f, and f;. In the last case the series
of anode-current pulses forms a point-by-point reproduction

of v, and the frequency f. = f, — f; (generally |fo—nfi]) -
takes the place of f. i

~

The analogy with stroboscopic exposure
becomes evident here: in the two cases first men-
tioned (f, = f; and f, = nf;) the pulses correspond
to synchronous flashes of light, whereby the
exposed, periodically moving object (frequency f,)
is made to appear to be quite stationary; in the
case corresponding to that where f, differs some-
what from nf; on the other hand the object appears
to be moving slowly. It is this latter case with which
we are concerned in the designing of the “strobos-
copic” oscilloscope: the amplitudes of the anode-
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current pulses form “reproductions” (albeit only
of a finite number of points) of the alternating
voltage at the control grid, and the fundamental
frequency of the anode current, f; = |f, — nfi,
can be made much lower than f,. It is in this latter
possibility that the - essential advantage of the
stroboscopic meéthod lies for those™ cases where
Jo is beyond the range of an ordinary oscilloscope.

_ 4:: _J_LU—
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Fig. 3. Block diagram of a stroboscopic oscilloscope with uni-
form scanning,. v, the voltage to be examined, M; mixing valve
with an anode resistor R, J; low-pass filter, 4 low-frequency
amplifier, C cathode-ray tube, T generator of a sawtooth
voltage the frequency of which is synchronized with the fre-
quency f; taken from the amplifier 4.

A stroboscopic oscilloscope could in principle
be devised in the following way: a resistor Rg
(fig. 1 and fig. 3) is inserted in the anode circuit
of the pentode (from now on we shall call this the
mixing valve, sincé in this valve the voltage v,
is mixed with the impulses %)); with the aid of a
low-pass filter only the low frequency components
(f and its multiples) are extracted from the voltage
across R,, this filter output then being amplified
and fed to the vertical deflection plates of a cathode-

_ray tube.

To give the oscillogram a linear time scale the :

. voltage for the horizontal deflection has to be given
the shape of a linear sawtooth voltage, since the
phase of the scanning pulse with respect to the
alternating voltage to be examined increases
linearly with time. Furthermore, in order to get
a stationary picture the sawtooth voltage has to
be given the frequency f; (or a frequency of which
Jfz is a multiple). '

The repetition frequency f; of the pulses has to
be so adjustable that a multiple of this frequency,
nf;, can be brought close enough to f, to give
fz=|fo—nf;] a value lying below the -cut-off
frequency of the filter. And this has to be
the case for all values of f, between the widest

4)  The ratio of the amplitude of the anode-current compo-
nent with frequency f; to the amplitude of the fun-
damental wave of Vo will also be called here the conversion
conductance. :
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possible limits; thanks to the factor n, which can be
chosen at will, f; only needs to be adjustable within
a limited range. If v, contains harmonics up to and
including the mth, then mf; must also be passed
by the filter.

Although it is in principle possible for an oscillo-
scope to be arranged along these lines, great difficul-

-ties would be encountered in its execution. With f,

say, = 30 Mec/s, and thus nf; differing but little
from that value, the variation in time of f; would
have to be much less than can be realized in practice;
even 0.19, variation of nf; means a change of
30 000 ¢/s in f;. As a consequence f;, and still more
80 any multiples of f;, would then come to lie above
the cut-off frequency of the filter. Moreover, it
would be impossible to keep the sawtooth generator
of the time-base voltage synchronized with such
a variable f;.

With the method described below this difficulty
is avoided and, furthermore, another possibility
is opened.

Phase modulation of the pulses

With the method applied by us the pulses are
periodically modulated in phase (or in position,

_if this term is preferred). This means a modulation

of the repetition frequency f;, the average (or
central) value of wh10h fw, is so chosen that
nfu: = fo ' '

On the average, therefore, the pulse generator
is synchronized with the frequency f,. Without
phase modulation the pulses would continuously
be scanning the same point of the voltage curve
(fig. 2b), but by “moving them to and fro”” — that
is to say, by periodically modulating them in
phase — they are made to scan different points
of the v, curve.

In place of the phase difference increasing linearly
with time, as with the previous method, we there-
fore have here a phase difference varying according
to a periodical function of time. It is not of primary
importance what periodical function is chosen for
this, but in order to have a linear time scale the

" . voltage chosen for the horizontal deflection must be

the same periodical function of time as that of
the phase difference. For both functions one could
use, for instance, one and the same sawtooth
function, but it is simpler to use a sinusoidal func-
tion, especially if it is given the frequency of
the mains; it will be shown presently why such a
low frequency is advantageous. This is illustrated
in fig. 4, where in the diagram (a) a cycle of the
voltage v, to be examined is represented (superposed
upon a grid bias E;) and in the diagram. (b) the



AUGUST 1950

scanning pulse is shown in the state of rest (without
phase modulation). When the phase ¢ of the pulse
is made to change sinusoidally with the time ¢,
then upon swinging from — z to + = (fig. 4c)

ti
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Fig. 4. Scanning with phase-modulated pulses. a) Grid voltage
g, of the mixing valve, consisting of the bias E, and the
voltage v, to be examined. At the grid voltage E, the valve is
just cut off. b) State of rest of the voltage pulse on the anode.
c) Phase @ of the pulses swinging about the state of rest,
and the voltage vy, for the horizontal deflection, as function
of the time ¢ plotted vertically downwards. The frequency of
@ and vy, is the mains frequency (50 cfs).

the pulse scans a number of points of the v, curve
in succession. In fig. 4a the vertical arrows 1, 2, 3...
— drawn from the level E,, i.e. the grid voltage
at which the mixing valve is just cut off on the
occurrence of a pulse — indicate the amplitude of
several successive anode-current pulses, which
are the “snapshots” of the v, curve. The lows
frequency components of the anode current, with
the frequency of the phase modulation and a
. series of multiples of that frequency (inherent in
the frequency spectrum of the phase modulation),
bring about the vertical deflection of the électron
beam in the cathode-ray tube. The horizontal
deflection is brought about by vher (fig. 4¢) varying
synchronously with the movement.of the pulse.
- The -screen of the cathode-ray tube then shows
a curve which — provided the instantaneous
reproductions are sufficient in number — is a
faithful picture of one cycle of the v, curve.
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During the return movement of the pulse (p vary-
ing from + 7 to — x according to the dotted part
of the sinusoidal line in fig. 4c) the pulse could be
made to scan the same v, curve again, the spot of
light on the screen then describing the same curve

as before but in the reverse direction, since vhor

then changes in the opposite sense. Better use can
be made of the return stroke by causing the pulse
to scan another voltage curve, so that the oscillo-
grams of two voltages (vor and voz7) can be obtained
simultaneously. (vo;z may possibly. be zero,
in which case the spot of light describes the zero
line on the return stroke.) We shall see in a subse-
quent article how the alternate scanning of two
curves can be brought about with the aid of a
simple electronic switch.

In fig. 4 the amplitude of ¢ (the “phase sweep”
of the pulse) has been made equal to half a cycle
of vy, so that exactly one whole cycle of the v,
curve is scanned. There is nothing, however, to
prevent the sweep being made larger or smaller
so as to be able to scan a part of the curve that is
more or less than one cycle. Since this scanning
takes place in the same interval of time (1/100th
sec) as that in which the horizontal movement
completes one half cycle, the part scanned always
covers the full width of the oscillogram. By giving
the pulse a small sweep and making the state of
rest around which it sweeps adjustable, any part
of the v, curve can be observed as it were micro-
scopically. This is of great value for studying a
certain detail, a possibility which does not exist
when applying the method previously mentioned
(pulses proceeding at constant speed along the
vp curve).

Fig. 5 shows how a stroboscopic oscilloscope
with sinusoidal phase-modulated pulses can be
designed. (Although it is not customary to use
phase modulation of the light flashes in actual
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Fig. 5. Elementary block diagram of a stroboscopic oscilloscope
with sinusoidal phase modulation. v,, M;, F;, 4 and C as in
fig. 3. I, pulse generator a harmonic of which is synchronized ',
via the oscillator O with the synchronization voltage vsyn
(synchronous with v,). I, is phase-modulated by the mains
voltage, : .
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stroboscopy the term “stroboscopic” is nevertheless
used here.) As was the case with the system shown
. in fig. 3, vertical deflection is brought about by
the output voltage of the mixing valve M, via a
filter and an amplifier. An oscillator O, supplying
a sinusoidal voltage, is synchronized with an exter-
nally applied voltage vsyn, which has to be syn-
chronous with v, (vsyn may in fact be the voltage
‘g itself). The output voltage from this oscillator
synchronizes in turn a pulse generator I, to which
in addition a sinusoidal voltage vy, of 50 ¢/s is applied
for modulating the pulse in phase. The frequency
of the oscillator is the same as the repetition fre-
quency of the pulses, for which we have chosen —for
reasons which will be explained later — a central
value fi; of approximately 100,000 c/s; f;c is so ad-
justed that a multiple of it is just equal to the
frequency fo.

These components will be described in further
detail in a subsequent article.

Limitations of the stroboscopic oscilloscope

We shall now first investigate what limitations
have to be considered in the case of a stroboscopic
oscilloscope and how far these set limits to the
uses of such an apparatus. '

In the foregoing it has been shown that the “data” -

of the oscillogram consist only of a finite number
of points (the peak values of the anode-current
pulses; see, e.g., fig. 2¢). The question is in how far
these points are able to give a faithful picture of
the original v, curve in spite of the gaps in between
them. .

The second point that we have to consider more
closely is the duration of the pulses. So far we
have tacitly assumed it to be infinitely small. Of
course such pulses cannot be realized, and we must
therefore work with pulses of a finite duration.
Just as the finiteness of the duration of a strobo-
scopic flash of light causes a certain kinetic blurring
of the object observed, so with a finite duration
of the electrical pulse certain details of the v,
curve become lost; in other words, the resolving
power of the pulses with which we have to work
" is not unlimited. »

We shall now deal with the question of the gaps
between the pulses and then with that of the dura-
tion of the pulses.

Gaps in the oscillogram

If the v, curve contains m harmonics then it is
defined by 2m 4 1 points of a cycle, since this
number of points determines the 2m -- 1 coefficients
of the Foutier series, namely' m coefficients of
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the sine terms, m coefficients of the cosine terms
and the constant term (D.C. voltage component).

. Given that the cycle of the curve has p points,

then — notwithstanding the gaps between these
points — the curve is completely determined if
p=2m41, or :

Poe e e e e s e : (1)
If this condition is not satisfied the best approxima-
tion that can be derived from the inadequate data
is the curve having no more than m'=%p <m
harmonics corresponding to the data.In order to
reproduce with a stroboscopic oscilloscope as
many harmonics as possible this apparatus has
to be so designed that the picture consists of the
largest possible number of points. This means that
the rate of scanning (the speed at which the pulses
move along the v, curve) has to be as low as possible.

To work this out quantitatively let us first assume
that we again have to do with the case with which
we began our considerations about the stroboscopic
‘oscilloscope, namely that of a constant repetition
frequency f; of the pulses of which the nth harmonic
differs somewhat from the fundamental frequency
fo of the voltage v,. The rate of scanning is then
constant, corresponding to the constant differential
frequency f; =|fo—nfi| and with equidistant
“measuring data’ (anode-current pulses). It is
easily verified that f;/f; is the number of points p
with which one cycle of the v, curve is scanned.
Therefore, in order to observe even the mth har-
monic of this curve, provision has to be made
to satisfy the condition

ﬁ- > 2m.

z
)

A similar condition holds for the method actually
applied where the pulse is modulated in phase and
consequently also in frequency. The “measuring
data” are now no longer equidistant as in the
case considered above, but for small instantaneous
values of the phase sweep (p = 0), where the pulse
has a high scanning speed, these “data” lie
farther apart than is the caée with large instan-
taneous values (p = + 4 ¢ or — 4 @), where the
scanning speed is only low. In other words, the
middle part of the oscillogram produced is built
up from fewer data than the parts to the left or
right of it. In order to get the same “density of

(2)

 measuring data” in this middle part as is obtained

with uniform scanning, it is therefore necessary
that the condition (2) shall be satisfied when the
maximum value is substitued for f.
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Since the frequency » = 50 c¢fs with which the
phase modulation takes place is very low compared
with fic ~ 100,000 c/s, we may regard the situation
as being quasi-stationary and speak of themoment-
ary repetition frequency f;’ of the pulses sinusoidally

swinging about the central repetition frequency

fic = fo/n. We then have a variable differential
frequency f;' =|f,—nfi’|, for which, as will be
derived below, we find the expression |+ dg- sin 27t
(where Ag is the phase sweep of the pulses expressed
in radians of the v, curve). .

If 2nf;t 4 w is the phase of the unmodulated pulse (1 being
, an arbitrary constant) then the phase of the modulated pulse
can be written as 2afit + v + (dg/n) cos 2nvt, where dg/n
is the phase sweep expressed in radians of the series of pulses.

The momentary angular frequency of the pulses
is defined as the derivative of the phase with respect to time 5),
ie. 2nf;e — 27w : (A/n) - sin 27vt, and the momentary fre-
quency f;’ 1tself is therefore .

fi =fie—v: (do/n) sin2m. . . . .. 3)

For the momentary differential frequency f;’ we then find
= |fo — nfi| = |v - Ap - sin 2z}, since nf;, = f,.

Substituting. for f; in (2) the maximum value of
fi' =|v-dp-sin 27vt], ie. fy'max = v A, we get

JSic

2m. 4
v dg M (4)

For the case where exactly one cycle of the v,
curve is scanned we must have Adp =
(cf. fig. 4c), so that (4) then becomes

Jie

27y

7 radians

>m. .. .. ... (4a)

From these formulae it appears that it is favour-
able to choose a high central repetition frequency
fic of the pulses and a low frequency for the phase
modulation (). As regards the latter it is an ob-
vious solution to choose for » the mains frequency;
any lower frequency would have to be specially
generated, whilst moreover there would soon be
a flickering of the picture to contend with, since
the time base also has to have the frequency ».

With fi; ~ 100,000 c/s (see the following section)
and ¥ = 50 ¢/s we find from (4a), for the scanning
of a complete cycle, that the highest -harmonic
that can be observed is given by m = 103/x ~ 300.
If less than one cycle, is scanned (“microscopic
scanning”, Ap<z) then the resolving power
reaches to harmonics 7/4¢ times as’ high.

%) See e.g. Th. J. Wey.ers, Frequency modulation, Philips
8, 42-50, 1946, and in particular page 44.
: _ par P

Techn. Rev.
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It might be thought that the formule (4) and (4a) hold
only for the very special case where f;, and thus also f, are
exact multiples of », since then with each sweep the same
points of the v, curve are scanned every time, and that in all
other cases therefore, where different points are scanned every
tlme, the said conditions need not be complied with. Such,
however, is not the case. A closer analysis shows that it is a
question of the number of points scanned by one sweep of the
pulse, regardless of the question whether following sweeps
cover the same points or different ones; it is thus independent
of chance values of the ratio fi/v. As a matter of fact the
relations (4) and (4a) will presently be derived once more in
a mannér which shows this independency.

Duration of the pulse

" In the foregoing section we have seen that with
infinitely small pulses the v, curve to be examined

can only be displayed with harmonics of up to a

limited order (m), independently of the fundamental
frequency f,. This limitation is due to the gaps.
The following will show that actually the finite
width of the pulse sets an absolute limitation

upon the frequency for which a stroboscopic os--

cilloscope can be used. If the v, curve contains
harmonics of a frequency higher than this limit
Jmax then those harmonics are not repro"duced
(or at most but poorly), even though their order
may not exceed the above-mentioned limit m.

When the oscillation time of the voltage to be
examined becomes of the same order as the duration

7 of the pulses, then the conversion conductance

of the mixing process and thus the sensitivity
of the instrument rapidly diminishes. The frequency

"limit frax may therefore be said to be of the order

of 1/7. /
To define thls more precisely it has to be borne

~in mind that when the frequency is equal to 1/z

the sensitivity is zero, at least when the pulses
are rectangular ( fig. 6), since at that frequency the

Va
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Fig. 6. Rectangular anode voltage pulse v, of which the dura-
tion 7 is exactly equal to one cycle 1/f,, of the voltage v, to be
examined. ‘
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“width of the pulse just matches one cycle of the

voltage v,, so that the contribution that the average.

value of the anode current of the mixing valve

receives from the positive half of this cycle is exactly

cancelled by the contribution from the negative
half, and thus the conversion conductance is nil.

In a subsequent article we shall show that the
pulses used have roughly the shape of a half sine.
With this shape of pulse the rule also holds that
the conversion conductance is nil at a frequency
of 1/7, if 7 is understood as being a kind of average
width of the pulse corresponding to about 2/,
of the width at the base.

To allow for a sufficiently wide margin away
from the state where the conversion conductance
is zero one can take as the frequency limit

. fmaxm—z—;. e e e e (5)
With a pulse duration of the order of 10~° sec
* — in a subsequent article it will be shown what
difficulties stand in the way of generating pulses
of shorter duration — it follows that fimax &~ 50 Mc/s.

Using the results obtained in the preceding section
we can arrive at an equation connecting the central
repetition frequency fi. of the pulses, the frequency
v of the phase modulation and the frequency limit
fmax (or the pulse duration 7). ‘

Suppose that the fundamental frequency.of the
voltage v, to be examined is of the lowest value
that can be considered for stroboscopic scanning,
thus f, = fic. Let us also assume that the highest
(mth) harmonic of v, has exactly the frequency
fmax. Then m = fyax/fic. And at the same time it is
desired that the mth harmonic is just the highest
that can be reproduced in view of the gaps, so  that
the condition (4) holds. Let the phase sweep be
‘such that, measured on the scale of the frequency
fic, which always has about the same value, it
amounts to 7 radians. In the case considered heie
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(fo = fic) the phase sweep is then likewise 7 radians
on the scale belonging to f, and thus just sufficient
for scanning one cycle of the v, curve; in other cases
(fo>fic» n >1) more than one cycle can be scanned. -
The condition (4) now has to be applied in the form
(4a), and with m = frpax/fic this becomes:

fic fmax
2y~ fic

or ’ N

>

1
. .oy
fic2 > 279 fmax &7.

From this equation it follows that, with 7 in
the order of 107® sec and v = 50 cfs, fic > about
100,000 c/s. Since the repetition frequency of the
pulses forms the lowermost limit of the frequency
range of the oscilloscope, in order to.keep this range
as wide as possible f;c has not been chosen any
higher than is necessary, hence about 100,000 c/s,
the value frequently mentioned in the foregoing.

Cut-off frequency of the filter

The required cut-off frequency of the low-pass
filter (F,in fig. 5) is directly related to the value of
fic, as will be understood from what follows.

At (@) in fig. 7 part of the frequency spectrum
of the phase-modulated pulses has been drawn:
it shows the fundamental frequency f;. and some.
harmonics, (n — 1) fic, nfic and (n 4 1) fic, which
would already be present in the case of unmodulated
pulses, and also the side bands due to the phase
modulation; the distance between two adjacent
lines of the side bands is the modulation frequency
». At (b) in this diagram we have represented the
single-line spectrum of the voltage v, (any harmonics

" of v, are of no consequence here); this line lies at

fo = nfic. Mixing of the two spectra produces
innumerable differential frequencies (the differences
between f, and all frequencies of the spectrum of
i

e fic
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Fig. 7. Frequency spectrum, (a¢) of the phase-modulated pulses, (b) of the sinusoidal
voltage v,. (At (a) neither the number of components of the side bands nor the intensity
of the components are true to scale; it is only a schematic indication that the side bands
of the multiples of f;, are richer in components than the side bands of fi itself, and that
the outermost components of the side bands are much weaker than the majority of the -

components lying farther inwards.)
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the modulated pulses). Of all these frequencies
the filter should pass only those derived from f,
and the side bands of nfi; frequencies which are
the difference of f, and other side bands — in parti-
cular the adjacent side bands of (n — 1) fi; and
(n + 1) fie — have to be suppressed. From this
it follows that the cut-off frequency of the
filter must not exceed fi/2 ~ 50,000 c/s.

From these considerations it also follows that
the side bands should not overlap, hence that their
width should not be more than f;;/2; in other words
in fig. 7 they should not extend beyond the vertical
~ dotted lines. Strictly speaking they actually do,
because they consist of an infinite number of terms,
but if, as is the case here, the situation is to be
regarded as quasi-stationary (»<€fi;) the part of
the side band falling outside the frequency sweep
is of so small an amplitude as to be negligible.

The condition that has to be satisfied to ensure
that the side bands do not overlap is, therefore,
that none of the multiples of the pulse frequency
"may have a greater frequency sweep than fj/2.
For the nth harmonic (belonging to the fundamental
frequency f,) the frequency sweep is » A, as follows
from the equation (3) derived in the foregoing.
If the v, curve contains harmonics with m as the
highest order then the corresponding multiple
mn X (pulse frequency) makes the sweep my Ag.
This is the largest of all frequency sweeps that
have to be considered, and ‘the fact that this must
be smaller than f;;/2 immediately leads to

Jfic
2y - Ag

>m,

-
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and, with A @ = 7 (scanning of one cycle of f,), to

fic

2ny

~

so that we have again arrived at the formulae (4)
and (4a) by a different method.

The electrical design of a number of components
of an experimental stroboscopic oscilloscope, such
as the pulse generator, the system for synchroni-
zation, etc., will be dealt with in a further article.

Summary. A new principle is described for a cathode-ray .
oscilloscope which: is very promising for the investigation of -
voltages with very high frequenties and shows a close connec-
tion with the known stroboscopic principle. According to this
principle the voltage to be examined is mixed in a mixing
valve with a pulsatory, phase-modulated voltage; the central
repetition frequency of the pulses is so chosen that some
multiples of it is exactly equal to the frequency of the
voltage to be examined. The anode current of the mixing
valve consists of pulses which produce, as it were snapshots
in a low-frequency rhythm, of the voltage examined. The
low-frequency components of the anode current are filtered
out and uséd for the vertical deflection in the cathode-ray
tube. Without phase modulation of the pulses these would
“scan’ the same point of the voltage curve every time, but
by periodically modulating the pulses in phase they can be
mdde to scan at will either a larger or a smaller part of the
curve, depending upon the extent of the phase sweep. A
stationary picture with linear time scale is obtained on the
screen of the cathode-ray tube by arranging for the horizontal
deflection to take place according to the same time function
as that for the phase modulation. It is advantageous to choose
for this time function a sinusoidal function having the mains
frequency. Consideration is given to the influences of the gaps
between the ‘“snapshots” from which the oscillogram has to
be reconstructed, and of the finite duration of the pulses used.
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THE DISTRIBUTION OF ILLUMINATION ON A PLANE :
PARALLEL TO A TUBULAR LAMP

by J. LOEB *).

535.245.1:628.932.1

The lamps used prior to the invention of the tubular fluorescent lamp can almost invariably

be regarded as point sources of light. Text books on illumination engineering show how the

illumination fram such lamps can be determined in a given plane. Now that tubular lamps
are becoming of more general use it is of importance to have “a method by means of which
the illumination in a given plane can easily be calculated for this kind of lamp too.
With the method described here it is only necessary to consult a simply arranged table that

is easily compiled.

Regarding the calculation of the illumination
when using tubular lamps, two articles?) %) have
already been devoted to this subject in this journal.
Several investigations dealing with the same prob-
lem have also been published in other periodicals;
in particular mention is made of a treatise by
K. Norden?) published in 1908. .

Now that tubular lamps, and especially tubular

fluorescent lamps, are becoming of more and more

general use it is of importance that everyone having
to make calculations of the illumination when
using these lamps should have at his disposal
the means for determining these illuminations in
a simple- manner.

Since the diameter of a tubular lamp is always
small compared with its length, there is no objection
to the lamp being considered, diagrammatically,
as a line of light. In this article, therefore, we
shall always speak of linear sources of light.
In some investigations an approximative solution
is considered sufficient, the linear source of light
being regarded as a point source. In practice such
an approximation suffices if the point for which
the calculation has to be made is a reasonable
_distance away from the lamp (cf. 1)), but for accurate
calculation of the illumination at shorter distances
from the lamp we shall avoid any such approxi-
mation. We shall assume, however, that the radia-
tion' from the lamp follows Lambert’s law.

In this article we shall confine our considerations
to a study of the direct illumination on a horizon-
_tal plane obtained from a linear source of light (or

*) Lampes Philips S.A., Geneva. )
1) N. A. Halbertsma and G. P, Ittmann, Ilumination by
means of linear sources of light, Philips Techn. Rev. 4,
_ 181-188, 1939.
2) H. Zijl, The calculation of lighting installations with
" linear sources of light, Philips Techn. Rev. 6, 147-152, 1941.
3) K. Norden, Beleuchtungsherechnungen fiir Quecksilber-

dampflampen, Elektrotechn, Z. 28, 757-758, 1907, and 29,
883-886, 1908, See also E.L.Matthews, Das Licht 1, .

141-146 and 165-168, 1931,

number of sources of light parallel to the plane)
situated on a higher horizontal plane, for instance
against the ceiling of the locality. This is the situa-
tion most commonly occurring in practice, where
it is often desired to know what illumination '
is obtained on a horizontal table, for example in
a‘workshop, from a genera] lighting at ceiling level
or local lighting from lamps parallel to the plane
of the table. This calculation can be made for
lamps with and without fixture. It is also possible
to determine in like manner the distribution of
the illumination in any plane with respect to the
la\mp, allowance being made, moreover, to a suffi-
cient approximation, for the light reflected from
the ceiling and the walls of the location in which
the lamp is installed %).

Lamp without fixture

Let us first consider the case where a linear
source of light is used without fixture. Assume the
lamp to be of the length ! and mounted horizontally
along the ceiling at a height h above the horizontal
work plane. With the aid of fig. I we shall now

Fig.1. Calculation of the illumination in a point P of a horizontal
plane yielded by the element dl of a lamp fixed to the ceiling.
1 and 2 are the extremities of the lamp. The other figures
and letters in the diagram are gxplaned in the text.

1) See J. Loeb, Méthode générale de calcul de la répartition
des éclairements dans les installations d’éclairage par
lampes a fluorescence et autres sources lindaires, edited by
Lampes Philips S.A., Geneva, 1948. .

. 7
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calculate what illumination an (infinitely small)
element dl of the lamp produces in a point P of
the work plane. The extremities of the lamp are
~denoted by 1 and 2 and their projections on the
work plane by 1’ and 2'.. Further, the distance
PP’ from P to the line I'2 = d, and P'l' = I,
P'2" = l,. The radius vector from P to dl, of the
length r, makes an angle § with the line PQ parallel
to the lamp. Finally, arc tan d/h = a.

If the luminous intensity of the element of the
lamp (in a direction perpendicular to its axis) is
I,d! then the illumination at P perpendicular to
the radius vector is I,dl sin B/r%. The horizontal
illumination corresponding to this is

Idl sing h

. dE = —— —- @)

For a linear source of light the value of I, (the luminous
intensity per unit length in a plane perpendicular to the lamp,
in cd/m) can be derived from the luminous flux quoted by
the manufacturers. This amounts to @/n?l & 0.1 /I, where
@ represents the luminous flux in lumens and ! the length in
metres. It must be borne in mind, however, that the defini-
tion of luminous intensity used in illumination engineering
is based upon point sources of light, the luminous intensity
of a lamp in a certain direction being determined by the lumi-
nous flux radiated in a small solid angle about that direction
divided by that angle. In the case of linear sources of light
this definition applies only when the observations are taken at a
distance thatis large compared with the dimensions of the lamp.

In the case of a point source of light the illumination (in
lux) in a given point can be determined with the aid of a
luxmeter and, if the distance from the lamp is known, from this

it is possible to find the luminous intensity (in candelas). When |

the lamp is linear one can only deduce from the reading of a
lux meter an eqmvalent luminous intensity’’ of the source

of light.

The factors dl and r in the second half of formula
(1) will now be expressed in terms of k, a and f.
Obviously dI = rdf/sin 8, and considering that
r = yd* 4+ hz/smﬁ and }d? + B* = hfcosa, we
find that r = hjcosa sin f. Substituting these
expressions for dl and r in equation (1) the latter is
transformed into:

Ik cos?a sm2 pgd ﬂ
h2

dE = =%}0052asinzﬂ dg. (2)

The total illumination at P is found by integrat-
ing (2) between the limits f§; and f,, where f; =
<JQP1 and B, = <QP2.

We can therefore distinguish two cases. First
we assume that the plane through P perpendicular
to the lamp intersects the latter (in a point P”)
as indicated in fig. 1. In this case, we shall first

1,
T2

8,
calculate the part [ 'of the integral [ . This
B

A
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gives the illumination at P insofar as it comes from
the part I-P” (length L) of the lamp, for which
we -find:

aly

/sinzﬁdﬂ=
B

I 1 1
= 7:3 cos?a (% - Eﬂr’r‘ " sin 2 ﬂl> . 3)

The position of the point P is determined by
the distance d and the length l;. Since cos a =
1/Y1+d?/? and tan §; = J1+d?R?. (k/l), from
formula (3) E; can be calculated if d, /; and h are
known. The factors (f) by which I /k has to be
multiplied to arrive at the value of E; can be calcul-
ated and tabulated once for all for a number of
values of dfh and 1,/h.

So far we have considered only a part of the lamp.
The illumination E, given at P by the part 2-P”
(length 1,) of the lamp can, however, be calculated
in exactly the same way. When d/h and L/h are.
known we can find_ this result from the same table
of values as mentioned above. The total illumina-
tion E at P is then equal to the sum of E; and E,.

Secondly, we shall consider the case where the
plane through P, perpendicular to the axis of the .
lamp, intersects the latter at a point on the exten-
sion of the axis (P,"" in fig. 1). For l; we now have
to take the distance from P;" to I and for I, that
from P; to 2. Denoting again the illuminations
from the hypothetical lamp parts P;"’-1 and P,”-2
by E,; and E, respectively, then E;,—F, gives the
total illumination at P;. (When P;” in fig. 1 lies
on the other side of the lamp then it has to be regard-
ed as the difference between the fictitious lamp
parts P;”-2 and P,”-1.)

Table 1 is the practical development of this
discussion. Tt makes it quite easy.to calculate
the illumination in a point of the work plane
whose position is determined by the distances d
and l; (or l,) when h has been measured and I, is -
known. If the light comes from a number of lamps
in one or more planes parallel to the work plane
then the total illumination in a point of the work
plane is found by adding the illumination obtained
from each lamp separately.

I
E, = f cos?a

Lamp with fixture

To get a general picture of the distribution of the
illumination on a horizontal measuring plane it is
obvious that we must imagine a series of planes
perpendicular to the axis of the lamp and then see
how the illumination  varies along the lines of
intersection of these perpendicular planes with
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Table X. The factors f for calculating the horizontal illumination
E in a point P of the work plane.

h hebst] b
|
i
/- ’
/d Ve
p/ pé -
a . g 62151

For case (a):
. E = I/h[f(d[h, L/k) + f(d[h, L/1)]
. For case (b): :

E = Lk [f(d[h, L[Rk) — f(d[h, L,[R)].
dfk : -
1/h, 0 |[0.25(0.50]0.75] 1.0 (1.5 2 3 5
ly
0.10 |0.100.09}0.07 0.05(0.03(0.02|1001 — | —
0.20 0.20}0.18{0.14 ] 0.10| 0.08 {0.03 | 0.02 | 0.01 | —
- 0.30 0.28(0.26{0.20 | 0.15}0.10(0.05 | 0.03 | 0.01 | —
0.40 0.360.33/0.26 |0.190.13 (0.07(0.03 | 0.01 | —
0.50 0.43 [ 0.40(0.320.23 | 0.16 0.98 0.04:10.02! —
0.75 ;0.56 0.52(0.42}0.31(0.23]|0.120.06 | 0.02 | 0.01
1.0 0.64|0.60 | 0.49 | 0.37 | 0.27 | 0.14 ) 0.08 0.63 0.01
1.5 0.7210.68|0.56 | 0.44.| 0.33 | 0.18 | 0.11 | 0.04 | 0.01
2 0.750.71}0.59 | 0.47{0.36(0.21 { 0.12 | 0.05 | 0.01
5 0.78]0.740.63 | 0.50 | 0.39|0.24 | 0.15 | 0.07 | 0.02
. o0 0.79(0.740.63 | 0.50| 0.39 0.24 | 0.16 | 0.08 } 0.03

the measuring plane. For such a perpendicular
plane both I, and I, are constant. The factors by
which I /h has to be multiplied for the successive
points of the lines are found by taking. the figures
from one of the horizontal lines in table I (for the
given l,/h) and adding or deducting the correspond-
ing figures in a second horizontal line (those for L,/h).

We now suppose that the lamp is provided with
a cylindrical fixture of the same length as the lamp
and so narrow that the whole may be regarded
as linear, and we shall assume that the radiation
from the lamp and the fixture follows Lambert’s

law. Owing to the presence of the fixture the I

first used has to be multiplied by a certain factor
depending upon d/h.

- In order to find this factor we imagine that,
from a point in a flat plane perpendicular to the
lamp, vectors are plotted in each direction pro-
portional to the I, of that direction. The line connect-
ing the extremities of these vectors is then, for
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o
this plane, the distribution curve of the transversal
luminous intensities I, depending upon the angle
a®). In the case of a lamp without fixture this "~
curve is a circle, for Ij is then independent of a.
“Where the light source is in a fixture this distribution

, curve may assume many sorts of shapes. An example

is'given in fig. 2. The transverse luminous intensity
I,,, in the direction a is in this case represented by
the product nl,, where I, is the transversal luminous
intensity of one lamp without fixture.

_Q[\
|
|

60¢90

Fig. 2. On the right, distribution curve of the transverse
luminous intensities in the case of a tubular lamp without
fixture (circle with radius I;), and the corresponding curve
fo; an asymmetric fixture represented in cross section on the
elt.,

In the curve representing the factor n of a fixture
equipped with several parallel rows of lamps this
number of rows is taken into account. The graph

therefore contains a circle with radius n = 1

applying to one single row of lamps, whereas
the vectors of the curve representing the factors
n of the fixture relate to the totality of rows
concerned.

It goes without saying that the values of the
factor n can also be tabulated instead of plotting
it in a graph. If the fixture is asymmetrical then
on either side of the projection 1’ 2’ of the lamp
on the horizontal plane in question the variation
of n differs. In the case of the example drawn in
fig. 2 we find the values: :

dfh 3 2 1 0 1 2 3
a |71°307 | 63°30"| 45° | 0° 45° | 63°30’| 71°30°
n | 0 04 [ 1.3 | 1.8 | 31 | 25 | Ls

To find the illumination on the work plane for a
pomt in the direction a, the illumination found

5) The distribution curve described here is not to be con-
fused with the polar diagram of the light distribution of
a point source of light in a meridional plane.
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for a lamp without fixture has to be multiplied
by the factor n corresponding to that direction.

A numerical exampleA

We shall conclude this article by applying the
method described to a simple example.

In a locality where the ceiling and walls are non-
reflecting there are two parallel sources of light I
and IT mounted along the ceiling. The first source
consists of an unbroken series of TL 25 W/33a
fluorescent lamps freely suspended, whilst the
second source is formed by two short TL 25 W/33a
lamps with. an asymmetric reflector, the light-
distribution curve for which has been drawn in
fig. 2

It is required to determine the .illumination
along a line KL on a horizontal plane HH two

T I . ~
L AR
e
8
8 .
= 200 200
H—t - - Ly
c
E
S
o
$ F
K .S P L
8
Dl

6089/

Fig. 3. Positional drawi:ng indicating the dimensions of the
two light sources I and II (referred to in the numerical
example dealt with) and also their position with respect to

the line KL in the work plane HH. It was required to calculate

the distribution of the illumination along the line KL.

DISTRIBUTION OF ILLUMINATION : ' 63

metres below the light sources. (For the dimensions
of the lamps and their position with respect to the
line KL reference is made to fig. 3.)

For both lamps I, = 115 c¢d/m, so that I,/h =
57.5 cd/m2. )

To determine the illumination yielded by the
lamp I we have to take for all points of KL
in table I Io/h = 1. and Ip/h = 0.5, so that for the
corresponding f. and f, we find:

dr |- 3 2 1 0 1 2 3

fc | 0.03 | 0.08 | 027 | 0.64 | 0.27 | 0.08 | 0.03
fo 002 | 0.04 | 016 | 0.43 | 016 | 0.04 | 0.02
fo+fp| 005 | 012 | 0.43 | 1.07 | 0.43 | 0.12 | 0.05

dfh 3 | 2 1 0 1 2 | 3
fe  |0.02 | 0.06 | 0.23| 056 | 0.23 | 0.06 | 0.02
- fe | 0.01 | 0.02 | 0.00 | 024 0.09]| 0.02 | 0.01
fo—fe | 001 | 0.04 | 014 | 032 | 014 | 0.04 | 0.01
no |0 04 |13 [18 | 31 |25 |Ls

In the same way the figures fE and fp for the -

source II are found by taking lE/h = 0.75 and lg/h
= 0.25, thus:

The factors fz—f; then have to be multiplied by
the coefficient n corresponding to each value of d/h.
The illumination in any point is then found
by adding up the illuminations yielded by the
light sources I and II. Let us take as.example the
point P (fig. 3) on the line KL. There the illu-

mination amounts to

(0.12 + 3.1 X 0.14) X 57.5 = 32 lux.

Summary. A slmple method is discussed enabling one to
calculate the illumination obtained in a certain point from
linear sources of light. The calculation is restricted to the
distribution of the’ illumination in a horizontal plane dérived
from direct lighting by means of one or more linear sources
of light situated in a higher horizontal plane, for instance
along the ceiling. The results of the calculations are compiled
in a table. It is also explained how account can be taken of a
fixture. Finally the theory is applied to a numerical example.
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Reprints of these papers not marked with an asterisk can be obtained free of charge
upon application to the Administration of the Research Laboratory, Kastanjelaan,

Eindhoven, Netherlands.

1899: G. Diemer and J. L. H. Jonker‘: Low-
distortion power valves (Wireless Engr. 26,
~ 385-390, Dec. 1949).

A survey is given of various low-distortion valve
constructions. Two new constructions are described
by means of which the second harmomc of a
single-stage pentode amplifier can be considerably
reduced, resulting in a reduction of the total distor-
tion by a factor of 2 up to an output of about 259,
of the static anode dissipation. For even larger
outputs (up to 50%, of the static anode dissipation)
the distortion is the same as that of a normal valve.
Thé new valves have an I, -V, characteristic
that is practically linear in the neighbourhood of
_the normal ‘working point.

1900: L. A. Ae. Sluyterman and H. J. Veenen-
daal: A method for the detection of ampho-

teric substances in paper chromatography

"(Rec. Trav. Chini. Pays-Bas 68, 717-720,
1949, No. 9/10).

Paper chromatograms are treated with a solution
of tropaeolin 0O, dried and held in hydrochloric
acid vapour. Amphoteric substances appear as
yellow spots on a red background.

1901: M. A-s;;cher: Aknew,synthesm of w-amino-p-
: . hydroxyacetophenones and .their reduction
. to the corresponding amino-aethanols (Rec.
- Trav. Chim. Pays-Bas 68, 960- 968 1949,

No. 11).

A new synthesis is described of compounds of
the type « , :
: . HO— <=>—C0.CH,N<

by the condensation of phenol or its derivatives with
aminoacetonitriles according to the method of
Hoesch and Houben. The corresponding alcohols
are prepared-by catalvtlc reduction of the ketones
obtamed

1902: F. A. Kroger, J. E. Hellingman and
' N. W. Smit: The fluorescence of zinc
" sulphide_ activated with copper (Physica

The Hague 15, 990-1018, 1949, No. 11/12).

The fluorescence of zinc sulphide activated with

copper consists of thrée bands: a green band and a
blue band caused by copper, and the blue band of
self-activated zinc sulphide. In addition to fluores-

cence centres copper may also give rise to quencher
centres. The fluorescence centres have an absorp-
tion band associated with them, situated at the
long-wave end of the fundamental absorpu'oil of
zing sulphide.

The variation in the relative concentration of
the various centres with the conditions of prepara-
tion has been studied, using controlled atmospheres
of H,S-HCl, Hy-HCl, etc. At high temperatures’
(T > 1050 °C) high HCI contents in the atmos-
phere enhance the formation of green centres
while low HCI contents favour the formation of
blue copper centres, but neither of these centres
are formed when HCI is entirely- lacking. High
concentrations of H,S' favour the formation of
quencher centres. When products made at high
temperatures are fired at. a lower temperature
(e.g. 400 °C), reducing atmospheres like H,, N, (and
also O,!) enhance the blue centers and destroy
quencher centres, while oxidizing atmospheres
(H,S, HCl) have the opposite effect. These effects
can be explained if it is assumed that the green
copper centre is formed by CuCl, the blue copper
centre by CuCl-Cu, the blue zinc centre by ZnCl
and the quencher centre by Cu,S, all being incorpor-
ated in the zinc sulphide Jattice. The physical
behaviour of the system is discussed on the basis -
of the Schon-Klasens theory of energy transfer
between centres.

1903: C. J. Bouwkamp: On the evaluatlon of
certain integrals occurring in the“theory of
the freely vibrating circular disk and related
problems (Proc. Kon. Ned. Akad. Weten-

schappen Amsterdam 52, 987-994, 1949,
No. 9; Indigationes Mathematicae 11, 366 372,
1949, fax. 5).

In the theory of the acoustic radiation by a freel};
vibrating rigid circular disc integrals of the form

1 2n .
[Ponsa(YI—0®)e'de’ [ [0°—200 cos &'+ "] "™ dey
0 . X ] ‘

occur in which P is a Legendre polynomial.
The same integrals occur in the theory of acoustic
diffraction by a circular disc or by a circular aper-
ture. It appears that these integrals are polyno-
minals in g%, These may be written either in the
form of a hypergeometric series or as a linear
combination of Legendre polynomials. ,
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DEALING WITH TECHNICAL PROBLEMS
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
THE PHILIPS INDUSTRIES

EDITED BY THE RESEARCH LABORATORY OF N.V. PHILIPS' GLOEILAMPENFABRIEKEN, EINDHOVEN, NETHERLANDS

CYCLOTRON AND SYNCHROCYCLOTRON
by W. de GROOT. 621.384.61

On 10th November 1949, in the Institute for Nuclear-Physical Research at Amsterdam,
a synchrocyclotron built by Philips for the said Institute to a design by Prof. Dr. C. J. Bakker
and Prof. Dr. Ir. F. 4. Heyn was officially taken into use. It is intended to publish a series
of articles in this journal describing the construction and working of this apparatus and giving
some information about the research work that can be done with it, as also about its further
possibilities.

By way of introduction « more general account is given of the working of the cyclotron and
the synchrocyclotron, mainly taken from literature already published on this subject.

Introduction friction, a force has to be applied to that mass.
The increase AT in the kinetic energy T along a

To impart a high velocity and thus a great kinetic P45 i the path 16 iventby

:nergy to a small mass which can travel along a
prescribed rectilinear or curved path without AT = J'sts, w ookt e ()
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where K, is the component of the force, along the
path and the integration has to be carried out over
the part of the path in question.. Any component
“of the force perpendicular to the path and the nor-
mal reaction due to the path (which force is likewise
perpendicular to the path in the case of frictionless
movement) do not perform any work and thus do
not contribute towards the increase of T.

Instead of (1) it is sometimes advantageous to

use the formula for the increase of momentum (p)
which reads:

4p = [ Kt . @)

In classical mechanics we have:
(3)
4)

where M, represents the mass of the particle.

Since, however, we shall presently have to deal
with particles having a velocity approaching that
of light, we shall also have to take into account the
" changes taking place in the expressions for T and p

T=3Mg,. . ...

p=Mp, .

when v approaches the velocity of light ¢ and thus -

the quotient v/c, which is always less than unity,
becomes of the order of unity. Formulae (1) and
(2) then remain valid, but for T and p we get:

()
(6)

where M, now represents the mass of the body at
rest and ‘

T = Mc2

2
OC

p=M'v, ...

M,

M= R r————Y
1/1—1)2/02

(D)

Tt is obvious that for v<Lc(5) and (6) hecome
identical with (3) and (4).

The force K may in various ways depend upon
the time ¢t or the place s on the path Let us. c0n51der
a few cases:

' 1) An example of the case where K is constant
and the particle describes a straight path is, for
instance, when a stone is dropped from a high tower.

2) In the case of a projectile shot out of a gun
— disregarding the force of gravity — we are con-
cerned with a force K which is very great for a short
time.and after that zero. Thus the body is given the
desired energy in one impulse.

3) One can also imagine the particle being accelex-
ated by a series of impulses at regular distances.

4) In the case of a particle of mass being pro-
pelled along a straight path by periodic impulses
of short duration, owing to the increasing velocity

s
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the distance travelled in the intervals becomes
greater and greater; that is to say, the distances
measured along the path from point to point where
the pulse begins to take effect become longer and -
longer.

5) All these modes of acceleration can be realized
when the particle is caused to describe a curved
instead of a straight path for instance by forcing
it to travel without friction through a curved chan-
nel or like a frictionless bead along a curved wire.

The acceleration of atomic particles

is

ling on at a uniform velocity. This method of acceler-
ation is also applied to ions, as for instance in the
mass spectrograph.

atoms of a radioactive substance emitting alpha
particles. Upon emerging from the nucleus the alpha
particle receives an impulse from,the repelling
Coulomb force of the nucleus and then continues
on its way at a uniform velocity until ultimately,
retarded by collisions with the molecules of the
air, it reaches the end of its track. N

applied at regular distances along the path we may
take the action of ion-accelerating tubes for tensions
of some hundreds of kilovolts, where for technical
reasons the tube is divided into a number of sections,
o

applied to each section.

)

%)

In nuclear physics use is made of light nuclei
(protons, deuterons, alpha particles) for bringing
about nuclear reactions ). Since the nuclear particles
acting as projectiles are electrically charged, it is
a fairly simple matter to bring accelerating forces
to act upon them by subjecting them to the action
of electric fields. All cases occurring in the mechan-
ical examples given above are in fact realized in
practice.

The acceleratmn of protons and deuterons by an
electric field constant in space and time (analogous
to the falling stone) takes place in ion-accelerating
tubes for not too high tensions (e.g. 50 to 100 kV).

Acceleration by one short impulse is realized,
for example, in the cathode ray tube, in which
electrons are accelerated between a cathode and
an anode placed close to it, together forming what

called an electron gun, the electrons then travel-

Similar to this is the action taking place in the

As an example of acceleration by short pulses

fraction of the total potential difference being

Acceleration by periodic pulses along a rectilinear

For a general treatise on fundamental nuclear reactions . _
"and the part played therein by the particles mentioned,
see W. de Groot, Philips Techn. Rev. 2, 97-102, 1937.
.See, e.g., F. A. Heyn and A. Bouwers, An apparatus fo
the transmutation of atomiec nuclel, Philips Techn. Rev. 6,
46-53, 1941.

'
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path takes place in what is called the linear acceler-
_ator, an apparatus which it is not necessary to dis-
cuss here. : ‘ :

Finally, acceleration by periodic pulses along a
curved path takes place in the cyclotron construc-
ted by Lawrence 3), the apparatus to which this
present article is devoted. The “normal force”
required to cause the particle to follow an orbit is
derived, in this cyclotron, from a magnetic field:
when a particle with mass M and charge Q travels
at a velocity » in a direction perpendicular to the
lines of force’ of a magnetic field with induction B
it experiences a force K (Lorentz force) perpen-
dicular to v and B given by

K=QuvB.

The radius of curvature r of the orbit is thereb

; y
given, since this force must be equal to the centri-
petal force required, so that

2
M”=Q1)B
r
or .
QBr=Mv=p.. . ... (8)

If v is comparable to the velocity of light ¢ then M is
again given by equation (7).

If B is constant then, with a given velocity v,
by (8) we havé a circular path, since M is determined
only by v. The particles then travel along this circle
with an angular velocity

w =

- |

- (8a)
—. a
M

When the particle is accelerated, so that » in-
creases with time, then also r increases and the
path described becomes a spiral.

The cyclotron

The cyclotron consists in the main of a magnetic
circuit with an “air gap” between the poles (see
Jig. 1). This gap may be of rather considerable
dimensions. The distance between the poles is a
few decimetres and the cross-sectional diameter of
the poles is usually more than 1 metre. Between
the poles, which are placed vertically one above
-the other, forming an airtight joint with them, is
a ring of non-magnetic material isolating the gap
from the outside air. The cylindrical box-shaped
space thus formed is evacuated. Inside this space
and supported by insulated rods is a smaller cy-
lindrical box bisectéd diametrically into two halves

1

3) The first publication on this subjéct was by E. 0. Lawrerice
and N: E. Edlefsen, Science 72, 376-377, 1930. :
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each shaped like the capital letter D. That is why

_these two halves are commonly referred to as the

“dees”. The gap between the dees is a few cm wide.

Between the dees, which together form a sort of
capacitor, an alternating voltage of some tens
of kV is applied with a frequency in the order

v 6212

Fig. 1. The acceleration chamber of the cyclotron (drawn
schematically). IV and S the'two poles of the magnet, W the
wall of the vacuum chamber, D, D, the two “dees™, I ion source
(in which is a filament), 4 anode for picking up the electrons
coming from the source.

.

of 107 c/s. As a result an approximately horizontal,
homogeneous, electric alternating field is formed
in the gap between the dees, while the remaining
space inside the dees is practically free of any field.
In addition, everywhere in the gap there is a con-
stant and practically homogeneous magnetic field
with induction B of about 1.5 Wh/m?2. In the centre
of the gap, slightly above the horizontal plane of
symmetry, is an ion source by means of which deu-
terons, for instance, can be injected into the vacuum
at a low velocity.
Let the electric field between the dees be

E = E,;, cos wgt,

with wg given a very definite value such, as will
presently be explained, as to equal the afore-
mentioned angular velocity of the particles, i.e.,
for not too high velocities, where M = M, a value:

0B

W = ——.

M,

Let us consider a particle at rest in the field. T}ﬁs
will be given momentum by the field and as soon




as it reaches-a certain velocity the Lorentz force.

comes into action, thereby causing the particle to
describe a sort of spiral path lying for the moment
in the gap between the dees. The shape of this path
~ depends to some extent upon the initial conditions,
in particular upon the moment at which the particle
(with velocity zero) is released into the field. -
After a-few loops, however, a situation arises
where the particle lies approximately in the middle
of the gap at the moment that the field is at its
maximum and where the radius vector r of the orbit
increases proportionately with .

The differential equations for a particle with charge Q and
mass M, in a horizontal electric alternating field

E,= Enpcoswgt,
combined with a vertical, homogeneous, magnetic field B,
where

Qp

wp = M0 sy

are, with the coordinates indicated in fig. 1:
M, % = Q(Ex—B:y),
M,y = (QB: %,
or, omitting the index E,
= (QEn/My)coswt —w ¥,
y=wzx.

The solution for a particle feleased into the field at a moment
t= r(withx=y=0and =9 =0fort=7)is:

x = 2%4.Em2[—smw't smw(t—'t)+w(t——'t)sma)t]
_QEn
y= 2M0w2 [~coswTsinw (t—7) + 2 sinwz (1—cosw (t—7))

+ w (t — 7) cos wt].

'These equations represent a sort of splral the shdpe of which

depends to a certain extent upon the parameter 7. After the

particle has travelled one single loop w(t — ) >> 1 and it is
mainly the last terms that are of importance. If, for instance,
‘w(t — 7) = 27, Ep = 10° V/m and B; = 1.5 Wh/m?, then for
a deuteron (w="7 X 107 rad/sec) the radius vector r =(x* 4 y2)"a
is equal to nQE,/Myw? = nEyjwB; ~ 3 cm.

Owing to the increase of r the particle soon pene-
trates into the field-free space inside the dees. From
that moment onwards it is accelerated only during
the periods of time when it traverses the gap. In
the interim period it describes semi-circular paths
with a constant velocity, with a slightly larger
radius each time. '

The time taken to describe such a semi-circle is:
arfv = wM,/QB = m|wg. From the value chosen
for wy it follows that once the particle is made to
traverse the gap at the moment that the field is at its
maximum it will continue to do so even though the
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radius of the orbit increases each time; to put it in
other words, the particle is in resonance with
the electric field. ,

Each time the particle traverses the gap its energy
incréases by a constant amount 4T. According to
formula (3) therefore v? is proportional to the num-
ber of loops and, since v is proportional to r, the

radius of the spiral increases further in proportion

to ', so that the wider the turns of the spiral the
closer they will lie together. :
The greatest value that the radius can assume is
determined by the radius R of the dees. When this
is reached then, for an ion with charge Q = Ze
— where e represents the elementary charge (= 1.6
X 107 coulomb) and Z the charge number of the
ion (for light ions equal to the nuclear charge) —

the energy is:
Z%¢? R2B?

. ROB\2
Tmax=%M0v2=%M0<]S>
0
Since

MONAMH,

where My represents the proton mass and A4 the
atomic weight, and expressing the energy in electron
volts, it is found that with Tinax = €Vmax :

If, for instance, R = 0.5m and B = 1.5 Wh/m?
then, since e/My ~ 108 coulombs/kg, we have:
. 2 72 .

Vmax ~ 3-107 7 volts=30 T meg'avolts. :
For protons Z=1land 4 =1, whilst for deuterons
Z=1, A =2 and for alpha particles Z = 2,
A = 4. Thus in the case considered here the maxi-
mum energy for deuterons is about 15 MeV and
for protons and alpha particles 30 MeV.

These figures, however, are only of value for the
order of magnitude, because, as. will presently be
shown, there are other factors aﬁ'eqting the maxi-
mum energy attainable.

Electric and magnetic focusing

" It has been assumed above that the electric field
between the dees is homogeneous and that the
electric force is parallel to the horizontal plane of

" symmetry of the system. A particle released with

zero velocity will then begin to move in a direction
which is also parallel to that horizontal plane. This,
however, is all only very approximately true.
Actually the electric equipotential planes penetrate

somewhat into the space inside the dees and the
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electric lines of force are as a result curved. Fig. 2
illustrates this effect. One of the consequences of
this is that those particles which do not start exactly
in the central plane receive momentum in the verti-
cal direction and soon reach the top or bottom walls
of the dees.

6213

Fig. 2. The electric field between the dees.

The inhomogeneity of the electric field is of im-
portance also during the further process of acceler-
ation, but on the whole this influence is favourable,
since the field appears to have a concentrating
action, drawing back to the horizontal plane of
symmetry such particles as, through some cause or
other, have received a velocity component leading
them away from that plane %) 8).-This is due to two
causes. In the first place, owing to their velocity
increasing in the field, the particles are subjected
to diverging forces (on the right in fig. 2 if the par-
ticle comes from the left) for a shorter time than
they are exposed to converging forces (on the left
in fig. 2), and moreover many particles pass through
the field whilc it is already beginning to decrease,
thus assisting the converging action.
~ Since the influence of the field upon the electrons

is comparable to that of a lens upon a beam of light
rays one speaks of electric “focusing”. This focus-
ing action diminishes as the velocity of the particle
increases, ceasing when r ~ 1/; R

Fortunately a second focusmg then comes into
action, namely the magnetic focusing. Owing to the
spread of the magnetic field there is a small decrease
in the strength of that field from the centre outwards
as a result of which the lines of force curve slightly
outwards (fig. 3) and consequently the Lorentz
force at points outside the centre plane has a com-
ponent perpendicular to and directed towards that
plane. Thus the particle is subjected to a force pro-
portional to the distance from the plane of symmetry
and begins to oscillate about the ideal path situated
in that plane with a frequency which, as a further
calculation shows, is given by:

Wvyert = wEVﬁ-a
where n = —d‘lt‘)ge Byfd loge r .

4) M. E. Rose, Phys. Rev. 53, 392-408, 1938.
5) R. R. Wilson, Phys. Rev. 53, 408-420, 1938.
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There is also a horizontal magnetic focusing
action: particles which, for some reason or other
(e.g- owing to collisions with gas molecules), have
either a direction of velocity or a radius vector
differing from that of the ideal path are 'automat-

_ically attracted towards the ideal path again. This,

too, is accompanied by oscillations, with a frequency
Whor = wEV].—' n.

The existence of “vertical stability” can be proved as
follows ®), If z is the distance from the horizontal plane of
symmetry then

My, Z =QuvB,,
where B, represents the radial component of the induction.
In the gap, according to Maxwell’s equations:

0B,
or 0z

Now in the plane of symmetry B, = 0 and z = 0, Hence
0B,/0z is to a first approximation equal to B,/z, so that

0B,

or’

Qw B, .
br

B, =1z

This" gives:

and since QB/M, = o ~ wg:

r bB,
z+wE z— =

or:
Z4+ wginz=0.

c2h4

Fig. 3. 'I;he,magnetic field of the cyclotron with lines of force

“curved outwards (dotted lines). The strength of the field

diminishes slightly from the centre outwards. The direction
of the Lorentz force at the edge is indicated by small arrows.

vT]iis represents an oscillation with the frei{uenpy.wEl/rT. In

a similar way the existence can be proved of radial stability
with the frequency wEl/l———n. .

If n = 0.2 then wpey = 2Wyert. Closer investigation shows
that a sort of resonance then arises, accompanied by trans-
mission of energy between the two modes of oscillation and
resulting in considerable widening of the path and consequent
defocusing. That is why care has to be taken to ensure that

% D. W.Kerst and R. Serber, Phys Rev. 60, 53-58, 1941.
Sec also A. Bierman and H. A. Oele, Betatrons with |
and without 1ron yoke, Philips Techn Rev. 11, 65-78,

. 1949, No. 3..
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the fraction n, which has to be as small as possible with a
view to keeping the particles “in step”, does not exceed the
value 0.2. The radial variation of B, and thus the magnitude
of n can be altered by providing an additional air gap and
partly filling this with circular iron plates (“shims”) of differ-
ent diameter (see fig. 3). It can be so arranged, for instance,
that in the centre B, decreases with the square of r and farther
away from the centre linearly with r. In this way the above
condition for n can be satisfied in practically the whole of the
accelerating space (0 < r < R)..

Limitations of the classical cyclotron

According to the theory outlined above the energy
of the particles could be increased indefinitely by
increasing the radius R of the dees. Increasing B
would have the same effect but then, of course, one
is confined to material limits.

Actually there are other natural limits for the
highest energy attainable. In the first place, for
the magnetic focusing it is essential that the field
diminishes outwards. In the second place, according
to (5) the quantity M increases with increasing
energy. As a result of these causes the quantity
w = QB/M, i.e. the value the electric angular fre-
quency should have for exact resonance of the
particles circling with the electric field, diminishes
as the velocity increases, thus as the radius of the
orbit becomes larger.

Eliminating v from- the equations (7 ) and (8¢) we find w
and M as functions of r, viz.:

1 My2
=8 +a

o = a0+ (22Y.

If w, _g= wg is the constant frequency of the
electric field then at the edge of the gap wg will be.
greater than w(r).

As a result, with a certain value of r the particle
will travel rather too slowly and next time pass the
gap a little too late. If this effect accumulates the
particle will ultimately reach the gap at a moment
when the electric field is zero or even of opposite
polarity, so that it no longer has an accelerating
action and may even decelerate the particle, the
energy no longer increasing but even possibly
decreasmg .

. This can be remedied by giving wyz a value in
between w, - o and @, _ g, and further by giving the
electric field between the dees the largest possible
amplitude, so that the acceleration each time the
particle passes through the field is as great as possible
and the number of loops that have to be travelled
‘to reach a certain energy is as small as possible,
while the particle “loses step” as little as possible.

i VOL. 12, No. 3

Calculations show that with an amplitude of some
hundreds of kV between the dees it is possible in
this way, with a reasonable yield, to accelerate
protons up to 15 MeV, deuterons up to 25 MeV
and alpha particles up to 50 MeV (see the article
quoted in footnote 4)). This, however, is the limit
for the “classical” cyclotron.

The synchrocyclotron

When, about 1930, E. O. Lawrence conceived
the cyclotron (see the article quoted in footnote 3)),
thereby basing the design on the resonance formula
wg = QB/M,, and decided to construct such an
apparatus,it wasnot a priori certain thathe would
succeed in getting particles of great energy with
reasonable efficiency. However, fortune favours the
bold, and fortune here was in the form of the electric
and magnetic focusing, thanks to which a practical
application of the idea first became possible.

It has been seen, however, that by the very reason
of B, decreasing with increasing r — which condition
is essential for magnetic focusing — and moreover
owing to M increasing with increasing T, it is im-
possible to fulfil the resonance condition exactly
and that this sets a limit to the highest energy
attainable. '

Now, theoretically, there is a simple means of
meeting this, namely by making the frequency
wg of the electric field variable instead of leaving it
constant, so that the condition wgz= Q@B,/M will
always be valid while the particle is describing its
spiral.

Againitisnot a priori certain that this principle
can be successfully applied with a high efficiency.
It could be argued that this condition-can only be
fulfilled for one particle at a time, namely for the
particle that starts off just at the right moment,
and not for particles starting a little earlier or later.
Furthermore, it secems difficult to “modulate” the
frequency wg in such a way that the condition
wg = QB;/M is always exactly fulfilled along the
whole of the orbit.

Here too, however, there is a fortunate circum-

. stance which makes it possible to apply success-

fully the principle published almost simultaneously
in 1945 by Veksler and by Mc¢ Millan ?), and
which, moreover, relieves us of the necessity to
make wy dependent upon time -in a prescribed
manner.

7) V. Veksler, J. Phys. US.S.R. 9, 153, 1945; E. M. Mec

* Millan, Phys. Rev. 68, 443L, 1945, — An analogous
proposition was made by Ollphant in 1943, but not
published until 1947: M. L. Oliphant, J. S. Gooden
and G. S. Hide, Proc. Phys. Soc. 59,'666, 1947.
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To make this clearly understood let us once more
assume that wy is constant and that there is a radius
vector r for which

QB(r)

v(r) _
=50 O

r

wg = o(r) =

Imagine that there is a particle travelling along
this circular path and passing the gap between the
dees each time at the moment at which the electric
field is zero and changing from an accelerating to a
decelerating field. Let us say that such a particle
has a phase ¢ = 0 with respect to the field. ’

It is obvious that since its energy T does not
change this particle can continue travelling along
this orbit for an indefinite length of time. Now
imagine a particle describing the same orbit but
such that at the moment when the field is zero
its azimuth with respect to the gap has a value ¢;.
Each time this particle traverses the gap the field
will have an accelerating action. Therefore, each
time it passes the gap it will be accelerated, the
energy T thereby increasing, so that automatically
the radius r of the orbit is increased and the looping
frequency reduced. Thus the particle will reach the
gap a little later each time until it again has a
phase ¢ = 0 with respect to the field. Then, however,
it will no longer satisfy equation (9), because
Jits @ is then smaller than wy and thus the particle
still travels too slowly.

The process therefore continues in this way: in
course of time the particle will come to ‘pass the
field at a moment when it has a retarding action,
as a consequence of which its energy diminishes
and thus r decreases and w(r) again becomes greater.
Ultimately it once more arrives in its old orbit
with the right w( = wg) but now with a negative
phase, exactly opposed to the phasé @, with which
it started (¢ = —¢;). The process is then repeated
in the reverse direction, the phase increases (thus
‘decreasing in absolute value), w increases, while
T decreases. When, as a result of this, ¢ has again

become zero we still find w > wg. Thus the increase

of ¢ continues further, accompanied by a decrease
of w and increase of T. When ultimately the particle
has agdin arrived in its old orbit it once more has

the phase g; with which it started and the original

values of w and T. This cycle is repeated for an
indefinite length of time and we thus see a sort of
vibration set in whereby the phase oscillates between
@1 and —¢@; while at the same time T, w and r
fluctuate about a mean value. :

Thus there is a certain stability (phase stability)
- with respect to the orbit determined by (9). This
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stability is maintained up to very large values of ¢y,
namely up to ¢; = + 7.

Let us now imagine the same process taking place
while wg is not constant but gradually diminishing.

A particle that is describing an orbit whereby
® = wg but which passes the gap at the moment
when the field is accelerating (thus ¢ is not zero
but positive) will increase or decrease in phase as
wg becomes smaller. This depends upon whether
the decrease of w, accompanied by the increase of
T, is greater or less than the decrease of wg. One
can therefore imagine that there is a particle with
such a phase (¢ = @s) that for this particle w always
equals wg. This particle will continually be acceler-
ated and will always be synchronous with the field
(it is from this synchionism that the name synchro-
cyclotron has been derived). It can, however, also
be proved that particles whose phase at a certain
moment is not equal to @, and for which at that mo-
ment o is not equal to wy will start oscillating about
the expanding “synchronous™ orbit and thus on
the average be accelerated just as much, provided
|wo —wg| and |p— @] remain confined within cer-
tain limits.

From the foregoing it follows that when ¢ = @, and w = wg,
then dg/dt = 0. It is obvious that in general dg/d: =
® — wyp and thus d%p/de® = dw/dt — dwg/dt, in which the
differentiation process has to be carried out such that dz does
not diminish to zero but remains great enough for at least.
one loop to be completed in the time dt. With this assumptlon
the differential equation for @ reads 8):

d2

d—;’; =C(sing,—sing). . . ... (10)
where . . ’

Csngp=—dofde .. ... ... (11)
and .

Csin Py = — dwE/dt . s e (12)

Equation (10) is the same as that for a mathematical pendu-
lum upon which, in addition to the usual “gravitation couple”
—C sin @, a constant couple C sin g, is acting (see fig. 4).
If o = 0 (wp = const.) then ¢ fluctuates about the value
@=0between @, and—p,,with |p,| <. If p, 7 0 then the state
of equilibrium is ¢ = @, and @ may fluctuate between g, and
@y, Where s S @ S 7 — @5, whilst —(x — @) < @, g @s-
a increases with increasing g.(a > 2¢;).

In the case of the cyclotron C and g, strictly speaking,
are functions of r, just like B, w and T. Instead of (11) one
can in fact also write:

8) D. Bohm and L. Foldy, Phys. Rev. 70, 249-258, 1946;
72, 649-661, 1947, In these articles the energy gain per
revolution is taken as being equal to eV sin @. In the pre-
sent article 2eV sin ¢ has been taken, where ¥ represents
the maximum potential difference between the dees and
account has been taken of the fact that the particle tra-
verses the gap twice in every revolution.
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hence: ~ . .
S ode ., 0
C ——‘ﬁ 2eV 2—n.
The variation of C with r however is not so great (10-20%)
as to invalidate the truth of the following argument where
C is regarded as a constant.
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Fig. 4. Diagrammatic drawing of a mathematical pendulum
behaving according to formula (10).

a) and b) ps = 0, the ordinary mathematical pendulum,
extreme positions +¢; and —p;, whereby || <7

¢) and d) pendulum with constant couple C sin g@,, extreme
positions ¢; and ¢@,, whereby ¢, £ ¢ £ n — @, and ¢, lies
between @, and —(7 — @), (¢ > 2m@). :

From (12) it follows that —dwg/dt may not be greater than
C, as otherwise it is impossible to have a synchronous path.

The more C differs from —dwg/de the larger is the group of -

particles “taken along”. But —dwg/d? may not be too small
either, because then, owing to the phase oscillation, a large
number of particles tend -to return to the starting point and
are lost as far as the acceleration is concerned. It must be
borne in mind that, as already shown, almost all the particles
begin with a phase p = 7/2, where ¢ may be ‘either greater
or less than 0 according to whether, at the moment that the
particle starts off, w, _ o is greater or less than the instantan-
eous value of wg. Thus there is an optimum value for —dwg/dt,
and at that value the portion of all partlcles carried along is
as large as possible.

-
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. .

Actually the frequency wy is “modulated” by
connecting to the oscillator supplying that frequency
a variable capacitor the capacitance of which is a
periodical function of time, with a cycle that is
large compared with the time taken by a partlcle
to complete one orbit.

As a function of ¢, therefore, wy increases and
decreases alternately, and only those intervals of
time in which wg; decreases are useful for the acceler-
ation. Due to the phase stability, however, not one
particle but a whole group of particles benefits
from the favourable conditions. In practice this’
group comprises, say, 1%, of the total number of
particles, so that 999, of the ions produced are lost
for the acceleration. With the synchrocyclotron
this adverse factor has to be taken into account.
On the other hand there is the favourable factor
of being able to increase the energy output.

Another advantage of the method described is

~that — since there is no fear of the particle getting

out of phase with respect to the field — there is no
imperative need to cnsure that the number of
“loops” required to obtain a certain energy is as
small as possible. That is why, in the ‘synchro-
cyclotron, the voltage between the dees need not be
50 high as in the case of the classical cyclotron, a
factor that has a number of practical advantages

- in connection with insulation and the risk of

sparking. In particular; less stringent requirements
have to be met as regards the vacuum, thus allowing
of a large production of ions in the centre.

Summary. Following upon an introduction on the acceleration
of particles as a mechanical problem, a description is given of
the functioning of a_cyclotron in which light nuclei, such as
protons, deuterons or alpha particles, can be accelerated up
to an energy of some tens of millions of electron volts. A limit
is set to the energy attainable by the fact that, owing to the
magnetic induction decreasing and the mass increasing for
velocities comparable to the velocity of light, at the edge of
the field the resonance condition is no longer fulfilled. It
is then indicated how, in the synchrocyclotron, by modulating
the frequency of the accelerating field the resonance condition
can, on an average, be fulfilled right up to the edge of the
field, at least for a portion of the particles. As a result, be
it at the cost of efﬁclency, particles can be obtained with
very much higher energies than are possxble with the classical

-cyclotron.
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AN EXPERIMENTAL “STROBOSCOPIC” OSCILLOSCOPE FOR

FREQUENCIES UP TO ABOUT 50 Me/s 7 | .

- | ' II. ELECTRICAL BUILD-UP .

J. M. L. JANSSEN and A. J. MICHELS.

621.317.755:621.3.029.5/.6

From the fundamental principles of the stroboscopic oscilloscope dealt with in ‘a previous
article, to the actual building of an instrument is a big step. The generation of extremely short
voltage pulses, the synchronization of those pulses, the construction of the connecting cables

and of the variable attenuators for the input voltages are only a few of the problems encountered

in the practical execution of this oscilloscope: This second article shows how these problems

have been solved.

In a previous article !) it was shown how, in

principle, an A.F. image of an H.F. voltage v, can .

be obtained by causing the latter to be scanned by
electrical pulses modulated in phase. We had arrived
at a block diagram which is reproduced here ( fig. 1)
but ‘which, as will presenily be seen, needs some
additional details.

sox 4

Oo— >

“hy ‘\;c. 6/688

Fig. 1. Simplified block diagraniof a stroboscopxc oscilloscope.
v, HL.F. voltage to be examinged, M, mixing circuit, F; low-pass
filter, 4 A.F. amplifier, C cathode ray tube, I pulse generator,
O synchronizing oscillator;¥isyu synchronizing voltage (syn-
chronous with v,). The mains voltage (50 ¢/s) provides both
for the phase modulation of the pulses and for the horizontal
deflection of the electron beam.

Recapitulating some of the resuits arrived at in
article I, the functioning of the oscilloscope may
be described as follows:

The voltage v, is mixed, in a mixing valve M,,
with pulses derived from a generator I,. The H.F.-
components are removed from the output voltage
of the mixer by a filter F}, and the signal is then
amplified by an A.F.awplifier 4 and applied to
the horizontal deflection plates of a cathode ray
tube C. The frequency of the pulse generator is

1) J.M.L.Janssen, An experimental “stroboscopic” oscillo-
scope for frequenc1es up to about 50 M¢/s, I. Fundamentals,
Philips Techn. Rev. 12, 52-59, 1950 (No. 2), here further
referred to as article I. .

controlled by an oscillator O, which in turn is
synchronized by an externally applied synchroniza-
tion voltage vgyn which has to be synchronous with
vy In this way a multiple of the repetition frequency
fi of the pulse is made equal to the fundamental |,
frequency f, of v,; as found by calculation in article
I,-a favourable value for f; is about 100,000 c/s.
The pulses are phase-modulated (preferably sinus-
oidally) with a frequency », which should be chosen
as low as possible so as to be able to include in the
image as many harmonics of v, as possible; the
mains frequency is used here (v = 50 c/s). By
arranging for the horizontal deflection to take place
synchronously with the phase modulation (thus
likewise with ‘the mains frequency) a stationary
picture is obtained with a linear time scale. .

After a brief description of the mixing stage, the
filter and the A.F.amplifier, we shall have to des-
cribe the pulse generator and its synchronization
more fully. Next comes the electronic switch, by
means of which two oscillograms can be produced
simultaneously, and finally the connecting cables
and the conmstruction of the variable attenuators
will be dealt with.’

It is emphasized that these descriptions refer to
an experimental model of the oscillograph, the
primary object of which was to put the fundamental
theory of the stroboscopic method to a practical
test. In tackling the problems encountered no at-
tempt has been made to find the best solution, the
only choice being the design which involved the
least development work. When dealing with some
of the points we shall have occasion to recall this
to mind.

The mixing etage ’
The main elements of the mixing stage are repre-
sented in fig. 2. The mixing valve is a pentode EF 50.
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~ The voltage v, to be examined is applied to the
control grid and the pulses are fed to the anode.
As can be seen, the anode does not receive a positive
high tension but a small negative direct voltage
(of a few volts) derived from the cathode resistance.
The object of this is fully to suppress the anode
current in between the pulses, so that the mixing
- stage is made insensitive for hum voltages and any
other interference. The screen grid does receive the
usual positive voltage (180 V), which is kept con-
stant by two stabilizing tubes connected in series.
It appears to be an advantage to give also the
suppressor grid a positive voltage (about 100 volts),
for then the conversion conductance is much greater
and smaller anode-voltage pulses are needed (15 V
amplitude) than when the voltage of the suppressor
grid was zero. That is why this grid has been con-
nected to the common point of the stabilizing tubes.

St

St
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Fig. 2. Mixing circuit. v, voltage to be examined, M, pentode
FF 50, R, anode resistor, which, together with the circuit L-C
and the stray anode capacitance C, forms a network with
flat response curve. St voltage-stabilizing tubes.

To get a high output from the mixing stage a
large anode resistance R, has to be used, but then
there is the risk of the stray anode capacitance C,
causing a considerable reduction of the conversion
gain at frequencies still below the cut-off frequency
of the low-pass filter, which follows the mixing
stage. (As calculated in I, this cut-off frequency
has.to be lower than 1/, f; ~ 50,000 c/s; in this ex-
perimental apparatus we have chosen 40,000 c/s.)
Such a falling frequency characteristic would lead
to an erroneous reproduction of the v, curve. To
keep this characteristic horizontal up to 40,000 cfs
the well-known method was chosen 6f connecting
in series with the anode resistor R, an inductor L
and a capacitor C in parallel (fig. 2).

The filter and the A.F. amplifier

For the filter we have chosen a simple ladder
network with a capacitance in each of the parallel

’
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branches and an inductor shunted by a capacitor
in each of the series branches. Such a filter has the

"property that for frequencies above about 509, of -

the cut-off frequency the transmission is not entirely
faithful in phase, with the result that high harmonics
of the v, curve are not exactly reproduced in
the right phase relations in the oscillogram. Filter
circuits exist (with mutual inductances between the
filter stages) which are faithful in phase up to about
85%, of the cut-off frequency, but such a complica-
ted filter has not been used in the experimental
apparatus. '

Following the filter is a push-pull stage (double
pentode EFF 51) which with an asymmetrical input
(earthed on one side) produces a symmetrical output
voltage used for the vertical deflection in the cathode
ray tube.

The pulse generator
Differentiating network

There are various ways of generating pulses. For
our purpose we have chosen the method whereby
the pulses required for the scanning are obtained
by using the output voltage of a “differentiating”
network fed with a cuirent that suddenly changes
at fixed intervals. \

In its simplest form such a network consists of
two resistors, R, and R,, and a capacitor Cp,
(fig. 3a). When the supply current changes discon-
tinuously by an amount I, there is a similar dis-
continuous variation of the output voltage with the
magnitude IR, R,/(R, + R;), since Cy, forms a short-
circuit for an infinitely rapid change, so that
R, and R, are'in parallel at the moment of the sudden
change. When, after the sudden change, the input
current remains constant then the output voltage
v changes according to the expression:

o — . Tufts

'0R1+R2.exp 3—

t
(Ry + Ry) Cmg '

Thus the shape of this voltage pulse, and also its
frequency spectrum, is determined by the product
(R; + R,)Cp. If a particular frequency spectrum
is specified and a given value is chosen for Cy, then
the value of R, + R, is fixed. The amplitude of v
is then proportional to R R, and thus is a maximum
when R, = R,. This maximum becomes greater as
Cpn is reduced, while keepmg (R; + Rp)Cp, constant.

It would therefore be expected that by a suitable
choice of Cp, or (R, + R;)Cp, pulses could be gener-
ated of any amplitude or width. However, no allow-
ance has yet been made for the inevitable stray



75

SEPTEMBER 1950 “STROBOSCOPIC” OSCILLOSCOPE (ELECTRICAL BUILD-UP)

at the time of the second positive peak of v’ the os-
cillation v is negative; owing to the damping the
amplitudes of the next peaks are negligible. The
negative peaks are of no consequence here. Thus’
the output voltage v = v + »"" (fully-drawn line
in fig. 4) consists mainly of one positive pulse
(roughly in the shape of half a sine wave).
Denoting the “average” width of the pulse 2) by
7 (= %3 of the base width) then, as a calculation

capacitances (C;, C,, fig. 3b) p'arallel to R; and R,.
These capacitances prevent the voltages at R; and
- R, from changing discontinuously, the effect being

apparent when (R; 4 R,)Cy, becomes of the same
order as'the time constants R,C, and R,C,. This
has the effect of widening the pulse and reducing

its amplitude.

L - .
= il shows, for the amplitude Viax we have approxim-
a R, R2 , ately: ‘ ; .
- Ve~ 1_ ’
" G+ G .
rl— ﬁm / Substituting for Vimay and 7 the ‘values menﬁoned,
! " H  viz. 15V and 10°s, and for C, and C, the values '
b Hzc, S Ro =§=02 v that occur in practice (C, = 15 pF, C, = 7.5 pF),
= i : i it is found that the sudden change of the current
i i must be about 100 mA. In practice a higher value
proves to be necessary (about 200 mA), partly for
T Cn , the following reason. ) _
? " E So far it has been assumed that the change of the
P Ry Ry input current is absolutely discontinuous. In point
c =__:.__. Cr =%: 2w of fact, however, it takes some finite time, with the
i L Lo result that the voltage pulse is wider and'also lower
i i than would be the case in the event of an absolute
i i =1 discontinuity. This effect becomes of particular im-

portance as soon as the time taken for the current

Fig. 3. Differentiating networks. a) When the input current chan ge becomes of the same order as the:permissible

is caused to make a step I, a voltage pulse v arises across the

resistor R,. The coupling capacitance is Cy.. b) As in (@) but  duration of the pulse 7.
with the stray capacitances C, and C,. c) To improve the wave-

form of the pulse the inductors L,, L, are connected in series

with R, and R, respectively.

This effect is of such a nature that for generating
pulses as are needed with a stroboscopic oscilloscope
for frequencies up to 50 Mc/s — pulses with an 3 ~ : Co
1 ’
amplitude of at least 15 V and a width in the order A \

8 . \
of at most 10~ s — such simple networks as those
of figs.3a and 3b are .unsuitable. It is possible to /
counteract the effect of the stray capacitances in ','
the same way as in resistance-coupled amplifiers, !
by connecting inductors in’ series with the resistors o ’:'

(fig. 3c). Two resonance circuits are then obtained, . |} I\ y
’, \ Y/

]

I

[}

]

u

U

]

coupled by the capacitor Cp,. Such a system has
_r . . AT
two characteristic frequencies, both of which are
excited when a current surge is sent through one of
AJ . . . *
the circuits. The voltage across the other circuit
is then the superposition of two damped oscilla-
tions v* and v"', each with one of the characteristic : . \
Fig. 4. The output voltage v, as function of the time t, of the

frequencies. It is possible, by a suitable choice of
the network elements, to get a situation as follows Dnetwork according to fig. 3c when a sudden current change
- occurs at the input. The voltage v is the sum of two character-

(fig- 4): at the time of the first positive peak of the jgtic oscillations, v’ and v”. .
oscillation with the highest frequency (v’ in fig. 4) -

the other oscillation (v”’) is likewise positive, while 2) See I, page 58.




Circuit for producing the sudden current change
This leads up to the question how the change in

current can be brought about quickly enough. It is

obvious that the differentiating network should be
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current variation and the form of the pulses supplieél.l
by the network are sketched in figs. 6b and 6c respec-
tively. The manner in which this grid voltage is
obtained will be explained in the next section.

: D . R .
! E . - i v IF i I_
/ : ] |
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Fig. 5. The pulse generator I, (fig. 1) consists of a multivibrator M¥;, an cutput valve P,
and a differentiating network DN, according to fig. 3c. O is the synchronizing oscillator.
M,, with Rg, L and C, forms the mixing circuit according to fig. 2. The mean position of the
pulse can be adjusted with the resistor Ry. The voltage vp provides for the phase modula-

incorporated in the anode circuit of an amplifying
valve (P;, fig. 5) and a voltage applied to the control
grid of that valve with a curve of such a form that
the anode current is suddenly interrupted period-

ically. Owing to the large anode-current pulses re-

quired, the amplifying valve should be an output
valve; the type EL 6 for instance can easily produce
_surges of 200 mA, provided the mean value of the
anode current is not too high. This condition can be
fulfilled by giving the grid voltage curve a form as
represented in fig. Ga; the corresponding anode

P " A —

.
N / / N
'A' - v. "_>t

lo
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Fig. 6. Plotted as a function of the time t: a) the voltage on the
control grid of the valve Py (fig. 5), (b) the anode current of
that valve, and (c) the pulse-shaped output voltage of the
differentiating network DIV, (fig. 5). c o

N

tion, The valve in the multivibrator is a double pentode EFF 51, P; is an EL 6 valve.

Multivibrator

A voltage as indicated in fig. 6a can be obtained
with “the aid of .a multivibrator (a set of two
valves with the control grid of one coupled to the
anode of the other and vice versa, the adjustment
being so chosen that current.is passed by the valves -
alternately). . '

.In fig. 5, MV, represents the system used in this
experimental apparatus. This multivibrator has one
valve of the EFF 51 type, containing two pentode
systems. A sinusoidal voltage derived from the
oscillator O (to be described later) is applied to one
control grid of this valve (cf. fig. 1); this voltage syn-

‘chronizes the multivibrator, a multiple of the repe-

tition frequency f; (about 100,000 c/s) of the pulses
obtained being made equal to the fundamental

- frequency of the voltage v, that is to be examined.

To the other control grid of the valve EFF 51 a
voltage v, of 50 cfs is applied, which produces the
phase modulation of the pulses that is necessary for
scanning; this voltage, inter alia, determines the
moment at which the current switches over from
one pentode system to the other. The amplitude of
the 50 c/s voltage is variable, so that the phase
sweep of the pulse, i.e. the size of the. part of the v,
curve displayed on the screen, can be adjusted.
A portion (R,, fig. 5) of the resistance connected
in series with the grid to which the 50 ¢/s voltage is
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fed is made variable for adjusting the mean position
of the pulses with respect to v,, and thus the point

of the v, curve which forms the centre of the oscillo- .

scope waveform.

The working of the pulse generator can be 'sum-
marized as follows. A multivibrator supplies a vol-
tage showing a step with a frequency of about
100,000 c/s. On being applied to the grid of an EL 6
valve this voltage causes a periodical change of the
anode current from 200 mA to zero, thus giving rise
to periodical voltage pulses at the output of a dif-
ferentiating network, the average width of these
impulses being in the order of 10~s. In the mixing
circuit the pulses scan the voltage v, which is being
examined. v

Synchronization .

- We now come to the description of the system
supplying the voltage for the synchronization of
the multivibrator. This voltage has to have a fre-
quency round about 100 ke/s and the fundamental
frequency f, of the voltage v, to be examined has
to be an exact multiple of this frequency.

The vbltage in question is derived from an oscil-
lator O ( fig. 7), the frequency of which is controlled
by areactance valve RT, which is shunted across

the oscillating circuit of the oscillator via its anode -

and cathode and.is so connected that, with respect
to the oscillating circuit, it behaves as an inductance
or a capacitance,the value of which can be continu-
ously controlled by varying its control grid bias 3).

In order to control the oscillator frequency auto-
matically a device is needed which supplies a correct-
ing voltage to the reactance valve as soon as the
oscillator frequency deviates from the right value.
This device is built up from elements similar to those
we have come across before, namely a mixing circuit
M, (fig. 7), in which, after having undergone a vari-
able attentuation and a constant amplification, the
~ synchronizing voltage vsyn is mixed with pulses
generated by a pulse generator I,, which is likewise
controlled by the oscillator 0. This pulse generator

also consists of a multivibrator (MV,) followed by -

an output valve (P,) with a differentiating network
(DN,) in the anode circuit. This network supplies
voltage pulses with a repetition frequency equal to
the oscillator frequency. The main difference com-
pared .with the pulsé generator I, previously des-
" cribed is that in I, the pulses are not modulated
in phase. .

3) The principle of a reactance valve has been described several
times in this journal; see, e.g. Philips Techn. Rev. 8, p. 47
(fig. 7) or p. 122, 1946.

\
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The D.C. component of the voltage across the
anode resistor of the mixing valve M, serves as
control voltage for the reactance valve.

>

M3

Zs » As RT
[ ——
V;yn
/
I 0o
T HH b [ HHK
Ny B My ' My /R OM
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Fig. 7. Synchronization circuit. The oscillator O controls not
only the pulse generator I, (fig. 1) but also a pulse generator
I, the pulses from which are mixed With the synchronizing
voltage in a mixing circuit M,. The result is a direct voltage
which changes in the event of failure of the synchronization. .
This direct voltage controls a reactance valve RT which cor-
rects the oscillator frequency when necessary. M¥,, P,, DN,:
multivibrator, output valve and differentiating network
forming the pulse generator I, similar to I,. The externally
applied synchronization voltage vsyn reaches the mixing valve
via a variable attenuator Z; and an amplifier 4,. .

Let us suppose that a multiple of the pulse fre-
quency of I, is indeed exactly equal to the frequency
Jo of the voltage on the control grid of the niixing
valve M,. The anode current of this valve then
consists of pulses equal in amplitude (see fig. 2b of
article I). As soon as the oscillator frequency begins
to change, the phase of the pulses with respect to
the said alternating grid-voltage is no longer con-

stant; the anode-current pulses of M, and thus the -

control voltage of the reactance valve change in
value, so that this valve thereby corrects the oscil-
lator frequency.

The system described here is a special case of what is known
as the “I.G.0.” system (= Impulse Governed Oscillator)"
used in transmitters and receivers for synchronizing oscillators.
In that system the synchromizing voltage usually has a
frequency (from a quartz crystal) higher than the oscillator

frequency. In our case it is just the other way round (at

most the two frequencies are equal).

The range of synchronization is greater if the
amplification in the circuit formed by the oscillator
0, the pulse generator I,, the mixing circuit M,
and the reactance valve RT is large. When the am-
plification exceeds a certain threshold value insta-
bility arises, asis the case in any regulating system.
In order to make the amplification as high as’
possible without reaching the point of instability it*

¢4) H. B. R. Boosman and E. H. Hugenhélt’z, Frequency
control in transmitters, Communication News 9, 21-32, 1947.

.
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is necessary to provide, inter alia, for the best pos-
sible phase equality, i.e. a tight coupling, between
the oscillator O and the pulse generator I,. This
coupling is brought about by means of a diode, so

that only the peaks of the sinusoidal oscillator vol-

tage have a synchronizing action upon the pulse
generator 5). :

Synchronism (nf; = f,) occurs when, instead of
a continuous strip of light in which nothing can.be
distinguished, a stationary picture is formed on the
screen of the cathode ray tube. When the capaci-
tance in the oscillating circuit of the oscillator is
changed it depends both upon the fundamental
frequency f, and upon the amplitude of the syn-
chronization voltage whether isolated or connected
synchronization ranges are found for the successive
sub-multiples of f,. When f, > 1 Mc/s one can al-
ways find continuous synchronization ranges (and
thus the capacitor need not be turned) merely by
giving the synchronization voltage a suitable value,
which can be done by means of a variable atten-
uator to be described later (Zs, fig. 7). If f, <1 Mc/s

§) For a more detailed ‘treatise on synchronization reference
is made to J.M. L. Janssen, A cathode-ray oscillograph
for periodic phenomena of high frequencies, Philips Res.
Rep., 5, 205-240, 1950 (No. 3).
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then only isolated synchronization ranges occur,
which have to be found by turning the capacitor.

Due to the amplifier 45 (fig. 7) a synchronizing
input voltage vgyn of low value (about 20 mV)
suffices. This H.F. amplifier contains one EF 50
valve with a resistor in the anode circuit; at frequen-
cies higher than about 1 Mc/s the amplification
rapidly diminishes as the frequency rises, owing to
the stray anode capacitance. This is permissible
in this case because the higher the frequency f, of
Vsyn, the closer the sub-multiples of f, round about
100,000 c/s lie together, so that adjacent synchroni-
zation ranges can be obtained with a smaller syn-
chronizing voltage.

The electronic switch

As already noted in article I, the phase modula-
tion of the pulses can be used for producing two
oscillograms simultaneously by causing the
pulses to scan on the return stroke a voltage -curve
which differs from that scanned on the forward
stroke. This greatly facilitates, for instance, measur-
ing of the phase difference between two voltages.

All that is needed for this purpose is an electronic
switch, which can be of very simple constriction in
this case (fig. 8). The input voltages v,; and Vor,

ZI/

Ypyo——

'II}-

voﬂo—-%

I o 50~ o I 61799

Fig. 8. Electronic switch. The two input voltages to be viewed, vor and v,yy, are fed, each

. via an attenuator Z1, Zr5, to the input of the valves ES; and ESjr respectively. These

valves are alternately blocked by the semi-sinusoidal switching voltages occurring across

the resistors Ry, Ryr via the diodes Dy, Dyr. The voltage vyor = vg, which brings about

both the horizontal deflection and the phase modulation, is shifted 90° in phase in the

network Cy-Ry-C;-R, with respect to the alternating voltages, which in turn block the

valves ESrand ESyr. Pr, Prrpotentiometers for adjusting the bias, F, high-pass filter;

M, with R,, L and C: mixing circuit according to fig. 2. The valves ESy and ESjr are both
. of the EF 50 type, the double diode Dr-Dgy is an EB 4 valve. - :
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are fed, via a variable attenuator, to the control
grids of the valves' ESr and ESjiI respectively
(both of the type EF 50) in the circuit of the elec-
tronic switch. Switching over is done with the mains
frequency, at the extreme values of the phase sweep
of the pulses. For this purpose the alternating vol-
tage v, bringing about the phase modulation is in
quadrature with thé alternating voltages fed to the
“electronic switch; the phase shift of 90° is obtained
with the aid of capacitors and resistors (C,, Ry, C,, R,).

The electronic switch works as follows. During the
half cycle of the mains voltage when the diode Dyr
is conducting the valve ESyy is blocked by the vol-
tage across the resistor Rjr; the diode Dy and the
resistor Ry are then non-conducting, the valve ESy

functions normally and the voltage v, is reproduced

on the screen of the cathode ray tube. During the
next half cycle the reverse takes place: current
flows through Dy and Ry, ESr is blocked, ESrr
functions normally and v,y is displayed.

The fact that no rectangular voltages are needed
for the blocking of the valves and that semi-sinus-
oidal voltages suffice is due,to the fact that a fairly
long time is available for switching over at each
peak of the phase sweep, so that the valves need
not be cut off suddenly.

Between the common output of the valves ESy
and ESyr and the input of the mixing circuit M,
is a high-pass filter F), cutting out any low-frequency
voltages arising from the switching.

In addition to the attenuators Z1 and Zz7, which
are variable in steps and are described below, con-
tinuous control is provided in the form of the poten-

tiometers Pr and Pjyj, with which the negative .

control grid bias of the valves ESt and ESyr can
be ad]usted

The connecting cables and the attenuators

When measuring or examining with an oscillo-
scope voltages with very high frequency components
it cannot be left to chance what kind of leads are
used for connection to the voltmeter or oscilloscope:
in the first place, owing to the capacitance and the
damping which lie in parallel with the voltage source
when connecting up, the voltage might change
considerably, and moreover stationary waves might
arise in the lead itself, so that the voltage at

one end of the lead would differ considerably from

that at the other.
These factors have already been discussed in

connection with a millivoltmeter. for frequencies .

up to 30 Mc/s described in this journal ¢). In the case

%) H. J. Lindenhovius, G. Arbelet and J. C. van der

Breggen, Philips Techn. Rev. 11, 206-214, 1949 (No. 7).
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of the oscilloscope described the problem is still
more difficult because the transmission along the
cable has to be faithful not only in amplitude but -
also in phase and, moreover, it is desired to extend
the frequency limit well beyond 30 Mc/s.

As to the transmission the best solution would
be to terminate the cable at the end with a resis-
tance equal to its characteiistic impedance. The
input impedance of the cable would then likewise
be of this value, which, however, would not exceed
about 100 ohms and thus would form a very heavy
load on the voltage source. In order to aveid this,
the cable could be fitted with a “probe” containing
an amplifying valve. This valve could be advan-
tageously connected as a cathode follower to match
the low impedance of the cable. Furthermore, the
probe would have to contain a variable attenuator
preceding the valve if voltages are to be examined
which, unattenuated, would overload the valve.

Since, among other reasons, our object in building
this oscilloscope was in the first place only to verify
the accuracy -of the principles, we have confined .
ourselves to fitting an attenuator in the probe,
namely a capacitative attenuator. In principle this

. attenuator — like the one discussed in the article

quoted in footnote ) — could consist of a variable
series capacitor, but in this case the transmission
characteristic of the cable would then vary consider-
ably with the value of this capacitor, and thus ‘with
the attenuation. For a constant transmission charac-
teristic it is necessary that the input capacitance,”
viewed from the cable, is constant. This has been
achieved by using as attenuator anumber of capaci-
tors connected as indicated in fig. 9. The voltage to
be examined is connected between 0 and I, with
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Fig. 9. Network of capacitors acting as variable attenuator,
with the property that, with respect’to the cable K, it behaves
as a capacitance that is independent of the tappings 2 ... 7
to which the cable core is connected (this does not apply for
tapping 1, where the cable is connected directly to the input
terminals 0-1) The capacitances used, whereby the attenua-
tion can be adjusted in steps of V10, are: C =10 pF, ¢’ = )
6.6 pF, C” = 14.6 pF C0 js the stray capacitance with res-
pect to earth. .
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the cable core connected to one of the points 1...7;
in this order the attenuation increases step by step
by a factor J10. Except in the position I, where
the cable is connected direct to the measuring point
and thus the voltage to be examined is transmitted

VOL. 12, Ne. 3

dielectric constant and with the eight capacitor
plates made by local plating with silver. A sliding
contact runs over silver contact points soldered
onto the plates (except the earthed one). The whole
is mounted in a probe of small dimensions ( fiz. 10).

61792

Fig. 10. On the right a block of ceramic material with silver plates together forming the
network of capacitors drawn in fig. 9. On the left the complete attenuator (opened);
B is the ceramic block, G the knob of the sliding contact. The right-hand end is connected
to the cable; the hooked wire on the left is contacted with the point carrying the high-

frequency voltage that is to be examined.

unattenuated, the input capacitance, viewed from
the cable, is constant ( 19.3 pF in the case of fig. 9)
and for every step of attenuation the system has
the same transmission characteristic.

At 45 Me/s this characteristic shows a peak, but
it has been possible to limit this to 1.25 times the
height of the flat part by connecting a damping
resistor to the end of the cable. This remaining
boosting is favourable in counteracting the decline
in sensitivity arising in this frequency range as a
consequence of the finite pulse width (see article I).

In order to minimize the input capacitance of
the oscilloscope (with cable and attenuator), a
cable with a very low capacitance (13 pF per metre
cable length) has been used, this being obtained by
making it with a core (of tungsten for strength)
only 50 ;. thick. In the positions 4 ... 7 the input
capacitance (between I and 0) is about 5 pF, in
the positions 2 and 3 it is somewhat higher, and in
position I — due to the cable capacitance and the
capacitance of the first valve being connected in
parallel — the input capacitance is 30 to 35 pF.

The eleven capacitors of the attenuator have been
assembled in a convenient shape in the form of a
rectangular block of ceramic material with high

Results

A picture of the experimental model of the
stroboscopic oscilloscope is given in fig. 11, with an
explanation of the controls in the subscript.

In fig. 12 the sensitivity s (deflection on the screen
in relation to the input voltage) of the instrument
including the cable has been plotted on a relative
scale (maximum taken as 1) and also the phase
shift « in the cable, both as functions of the frequen-
cy. The decline of s at frequencies higher than 30
Me/s — which without the boosting effect in the
cable would be still greater — is due to the finite
pulse width. Up to that frequency level the phase
characteristic of the cable is practically rectilinear.
This limit could be raised to higher frequencies by
using a cable terminated with the characteristic
impedance, as discussed above.

As a consequence this oscilloscopeis of universal
use for examining voltages containing harmonies
up to 30 Mec/s. The possibility of “microscopic
scanning” is recalled to mind, whereby any part of
a cycle can be viewed over the full width of the
screen, so that a particular detail can be studied.
When one has to do with sinusoidal voltages
— so that no attentjon need be paid to the phase —
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Fig. 11. Experimental model of the stroboscopic oscilloscope. On either side of the cathode
ray tube C (screen diameter 9 cm) are the knobs 1 and 2 for the horizontal and vertical
displacement of the oscillogram, knob 3 for adjusting the brightness (current intensity of the
beam) and knob 4 for the focusing. Underneath are the following six controls: 5 adjustment
of picture width (amplitude of vy, ), 6 synchronization (capacitor of oscillator 0, fig. 7).
7 size of the part of signal scanned (dg, adjustable with the amplitude of vy, see fig. 5),
9 selection of the centre of the scanned part (resistor Ry, fig. 5), 8 and 10 continuous
attenuators for the input voltages (potentiometers P; and Py, fig. 8). 11 is a pilot lamp.
At the bottom on the left are three switches: 12 for the mains, 13 for the electronic switch,
whilst with 14 any external voltage can be applied as time base. I5, 16 and 17 are the
cables (here without attenuators) for the synchronizing voltage and the two voltages

to be examined.

this instrument is still quite useful up to much
higher frequencies, namely to about 70 Mc/s,
although sensitivity will then be somewhat lower.
It can render excellent service in measuring, up
to this frequency limit, gain and phase diagrams

4150°

0 i L Il L - 0

0 0 20 30 40 50 60

—f Mcfs,
61801

Fig. 12. Relative sensitivity s of the complete instrument
(including cable) and the phase shift a in the cable, as functions
of the frequency f.

of amplifiers (for the latter it is only necessary that
the two inputs have the same phase characteristic).

The lower limit of the frequency range for which
the oscilloscope can be used is in any case not higher
than 1 Mec/s, above which limit, with a synchroni-
zation voltage of 20 mV or more, adjacent syn-
chronization ranges are found and the phase sweep
of the pulses can be made large enough for scanning
more than one cycle if so desired. Between 1 and
0.1 Mc/s however, as already stated, there are
isolated synchronization ranges in which the oscil-
loscope can operate. In that case less than one cycle
is scanned; for a larger phase sweep the phase modu-
lation of the pulses would have to be brought
about in a more complicated manner than has been
judged sufficient for the experimental model, the
behaviour of which at high frequencies was of most
interest to us.

Finally it is to be mentioned that the maximum
absolute sensitivity is about 1 c¢m picture height
per 20 mV (R.M.S. value) voltage.
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Summary. A description is given of the principal elements of
an experimental model of the stroboscopic oscilloscope, the
fundamental principles of which were explained in a previous
article. These elements are: the mixing circuit, the low-pass
filter and the A.F. amplifier, the pulse generator, the oscillator
which, together with the auxiliary circuits, keeps the pulse
generator synchronized, the electronic switch which allows
of the simultaneous displaying of two signals, the connecting

cables and the attenuators. With the oscilloscope described
here non-sinusoidal voltages with harmonics up to 30 Me/s
can be reproduced practically undistorted. Details of a non-
sinusoidal voltage can be examined over the full width of the
screen. Phase and amplitude characteristics of amplifiers, for
instance; can be measured up to frequencies of about 70 Mc/s.
The sensitivity is about 1 em picture height per 20 mV (R.M.S.)
input voltage.
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CONTROLLING THE LUMINOUS INTENSITY OF FLUORESCENT LAMPS
WITH THE AID OF RELAY VALVES

by K. W. HESS and F. H. de JONG.

621.327.42: 621,3.077.64: 621.385.38

Gas-discharge lamps, such as tubular fluorescent lamps, could not hitherto be successfully
applied in places where the luminous intensity has to be continuously adjustable within wide
limits, as for instance in theatres. Relay velves (thyratrons) however offer a good solution
of this problem, a solution which shows the way to new possibilities of application for these lamps.

-

Controlling the luminous intensity of incandescent -

lamps

In some cases it is necessary that the luminous
intensity of lamps should be continuously variable
from the maximum down to a small fraction and
vice versa. An example of such a case is the gradual
lowering and raising of the lighting in theatres,
cinemas and lecture halls and also stage lighting.
Further, there are certain systems of show-window
lighting and illuminated advertising signs where it
is desired to vary the luminous intensity in order
to attract attention.

When incandescent lamps are used there are a
number of solutions which in essence are very simple.
The oldest is the use of resistors, elther as series
resistors or as potentiometers, for varying the cur-
rent flowing through the lamps. This method is
still largely applied and for small installations pro-
vides the solution involving the least initial cost,
but for large installations such resistors may be
rather expensive, partly on account of the high
demands that have to be met in theatres and the
like from the point of view of safety against fire.
Moreover; the cost of the power lost in the resistors
is an item of consideration, at least if the installation
has to serve not only for gradually lowering and
raising the lighting at the beginning and end of the
performances but also for dimming the lighting for
‘long periods. .

More economical and much less dangerous, from
the point of view of fire risk, are variable ratio
transformers !) the secondary voltage of which
can be varied by means of tappings or a sliding
contact running over the turns of the secondary coil.
In modern installations this is the solution mostly
chosen. The advantages mentioned apply also to
induction regulators or rotary transformers
and to traixsductors (D.C. controlled A.C. chokes).

1) Cases where only a D.C. supply is available are left out
. .of consideration here. L

‘The latter possess the additional advantage that

they lend themselves well for remote control
without the intermediary of mechanical transmis-
sions or servo-motors, an advantage that is particu-
larly of importance for hall and stage hghtmg
installations.

Difficulties encountered in controlling TL lamps

For incandescent lamps these solutions have in
course of time been developed to a high degree of
perfection. Nowadays we have also tubular fluores-
cent lamps, which for many applications are to be
preferred to incandescent lamps for various reasons.
The most important of these reasons are the higher -
efficiency and longer life of these lamps, further,
their shape and the spectral composition of the light
they produce, allowing of certain decorative effects,
and finally the ' ease with which the small
amount of heat generated is carried off. Now
how do matters stand when one tries to use
these lamps in places where the luminous
intensity has to be gradually varied? It is to be
foreseen that in the case of fluorescent lamps,
through which the current does not begin to flow
until a certain voltage — the ignition voltage —
has been exceeded, any attempt to vary the lumi-
nous intensity, for instance by lowering the voltage,
must lead to difficulties which do not arise in the
control of incandescent lamps. These difficulties
we shall deal with presently, but first attention

" has to be drawn to a matter which, regardless of

the method of control to be employed, presents
itself in the case of TL lamps and is related to the
fact that, like most gas-discharge lamps, these
lamps are fitted with incandescent cathodes. These
cathodes are so dimensioned that in normal use
they are kept at the right temperature by the dis-
charge itself (ionic bombardment). If, in order to
reduce the luminous intensity, the current flowing
through the lamp is lowered then the temperature

;
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of the cathodes drops. This is detrimental to the
life of the lamp and moreover, since the ignition
voltage is thereby raised, it is mnot conducive to
steady burning. If the luminous intensity — thus
the current — of these lamps is to be controlled it
is above all necessary to supply heating current to
both cathodes, for which purpose a separate fila-
ment transformer with two separate secondary
coils is needed for each’ lamp We shall revert to
this point later.
Tt is understandable that for varying the luminous
.intensity of TL lamps the known methods developed
for incandescent lamps were tried out first, though
to little effect, as will be seen from the following.
~ Let us first take the case of a series resistor.
For the luminous flux to be reduced to a certain
fraction of the maximum a much larger resistor is
needed for a TL lamp than for an incandescent
lamp of the same power, because with an incandes-
cent lamp a relatively very small drop in temperature
of the filament is sufﬁcient to reduce the luminous
flux to a certain extent and this temperature, in
turn, rapldly decreases with the lowering of the
current passing through the lamp. Consequently a
rather small series resistor, say of twice theresistance
of the filament in the hot state, suffices to reduce
the luminous flux of an incandescent lamp approx-
ima.tely‘to zero; for a 40 W, 220 V lamp, for instance,
about 2500 ohms. In the case of a TL lamp, however,

the luminous flux is approximately proportional .

to the current flowing through the lamp; thus it
diminishes only approximately in inverse propor-
tion to the series resistance. In order to reduce the
current of a 40 W TL lamp so far as to lower the
luminous flux almost to zero the series resistance
has to be raised to something like 100,000 ohms,
thus many times greater than the series resistance
of the corresponding incandescent lamp.

Even if it were possible to overcome this objection
of such a large series resistor a difficulty would still
be encountered, at least with the TL lamps in their
original design, in connection with the high re-
ignition voltage of these lamps. To understand how
the re-ignition voltage gives rise to difficulties in
this connection it is necessary to consider the working
of a TL lamp connected in the normal way in
series with a choke to an alternating voltage of
220 V (fig. 1).

The manner in which the lamp is ignited by a
starter has been described previously in this jour-
nal 2). In the stationary state there is an arc voltage
of about 110 V across the lamp. The discharge

2) Th. Hehenkamp, A rapid-action starter switch for
fluorescent lamps, Philips Techn Rev. 10, 141-149,.1948,
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current i, which lags with respect to the mains
voltage, passes through zero without remaining at
that level a finite length. of time. Thus there is no
interval of zero current.

a
b
v Via_
0 o
~ip ) '

i (>

-~

61718

Fig. 1. Voltages and current of a normally working TL lamp
(40 W) connected in series with a choke L to a mains voltage
of 220 V. Plotted as functions of the time ¢ are: (a) the mains
voltage vy, the voltage vy, across the lamp, and the voltage
vL = vn — ), across the choke, and at(b) the current i. No zero
current interval occurs here. vy = arc voltage. (c) is the cir-
cuit dxagram (The curves for vy, and vz are somewhat sche-
matically drawn.)

When the choke is replaced by a resistor the
situation is different, for then the current already
drops to zero (at t = t;, fig. 2) when the mains vol-
tage has fallen to the arc voltage, thus before
the mains voltage becomes zero. In the reverse
direction the current cannot begin to flow until
the mains voltage has changed its polarity and, at
t = 1,, has reached a level — the re-ignition voltage
— which, as we shall presently see, is much higher
than the arc voltage. The result is the occurrence of
a zero current gap twice in every cycle (also some-
times referred to as the dark period, though during

“this gap the TL lamp continues to yield some light

owing to the after-glow of the fluorescent substan-
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ces). Now such a gap is undesirable, because the
ions present in the lamp at the beginning of a gap
rapidly diminish in number owing to recombination,
and the lower the ionic concentration the higher is

—Via *
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ty . —t
i
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——f
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Fig. 2. Voltages and current of a TL lamp connected in series |

with a resistance r to an alternating voltage of 220 V. v,
voltage across the resistor; Urign = re-ignition voltage; the
meanings of the other symbols are as in fig. 1. Here there is
indeed a zero current interval (¢,-t,).

the re-ignition voltage. In the aforementioned case
of a normally working lamp conmected in series
with a choke, where no such gap occurs, upon the
current being reduced to zero the ionic concentra-
tion is so great that the re-ignition voltage is but
~ little higher than the arc voltage. With a resistor,
however, where a zero current gap always occurs,
we have to do with a much higher re-ignition. vol-
tage. If, by increasing the resistance, we reduce the
_current then the arc voltage is raised slightly (a
property of the gas discharge in the TL lamp),
the zero current gap becomes longer and the re-
ignition voltage is raised still higher. With the TL
lamps of the old design this increase of the re-igni-
tion voltage may in fact be so great that the lamp
does not ignite at all, so that when the luminous

intensity of the lamp is reduced there is a risk of
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the lamp extinguishing, suddenly or after some
flickering, and not being able to re-ignite without
the help of a starter. Gradual adjustment of the
light is then possible only between the maximum
luminous intensity and a level that is but little
below it. As far as this latter level is concerned
there may be great differences between various
specimens of the same type of lamp, so that the effect
in the lighting of an auditorium would be erratic
and unsatisfactory. ’

The situation is not much better when the lamp
is provided with the normal choke (as is desired
anyhow in order to avoid dissipative losses while
the lamp is burning at full strength) and the vari-
able series resistor is used only for varying the
current 3).. At low levels of lighting (large series
resistance) the choke has but little effect and the
troubles just mentioned still occur.

Much more favourable is the behaviour of the
modern type of TL lamps on the market several

years already. Thanks to a conducting strip on the *

glass (to which we shall revert later) these lamps
ignite more readily than'lamps without this strip.
With a series resistance of the order of 100,000
ohms the luminous intensity of such a lamp can
indeed be gradually controlled between the maxi-

~

mum strength and a very low level. But this does

not mean to say that the problem has thereby been
solved. So far we have been considering the case
of only one TL lamp, but of course in a hall there
is zzi large number of lamps and one cannot deal
with them in the same way as with incandescent
lamps by employing one common variable resistor
for a large number of lamps connected in parallel.
The fact of the matter is that as the number of
igniting TL lamps increases after switching on (they
do not all ignite exactly at the same instant) the
voltage drop in the common resistor increases until
ultimately the voltage remaining for the rest of
the lamps drops below the ignition level. Each lamp
would therefore require its own variable resistor
and in a large installation this would complicate
matters enormously.

The objections set forth here against the use of

series resistors also hold in the case of variable
chokes (e.g. transductors) being applied.
As to the other solutions that can satisfactorily

" be applied with incandescent lamps, these all amount

to a variation of the amplitude of the alternating
voltage applied (variable ratio transformers, in-
duction regulators, resistors connected as potentio-

3) See: The dimming of fluorescent lamps, Electrical Times
115, 641, 1949 (No. 3001), or Fluorescent stage lighting,
Light and Lighting 42, 169-170, 1949 (No. 7).
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meters). If this were to be applied to TL lamps then
upon the voltage being lowered the re-ignition level
would soon no longer be reached and the lamps
would suddenly extinguish.
The foregoing accounts for the fact that hitherto
-little use, if any, has been made of TL lamps for
the lighting of halls and other places where gradual
dimming of the lights is desired. The same applies
for gas-discharge lamps for high tension (with
fluorescence or without, such as neon tubes), which
in Such cases could otherwise be used to good pur-
pose for decorative reasons.

Control with relay valves

Apart from the methods summed up in the fore-
going there is an entirely different way of control-
ling an alternating current, namely by means of
relay valves (thyratrons). These are gas-filled

TVa Mg,€g
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ignited the magnitude of the grid voltage no longer
has any effect upon the anode current. This current
drops to zero only when the anode circuit is broken
or, as is always the case in a circuit fed with alter-
nating voltage, when at a certain moment the
anode becomes negative.

When the grid of a relay valve is kept sufficiently
negative all the time, while the anode circuit is
fed with an alternating voltage, then no current at
all passes. If the grid voltage is kept continuously
above the critical value, or if it is arranged to rise
above that level at the moment that the anode
becomes positive, then the valve allows current to
pass during the longest possible intervals. Assuming,
for the sake of simplicity, that there is only a resis-
tance in the anode circuit, then these intervals are
approximately half-cycles ). Within these two ex-
tremes a continuous change is possible by displacing
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-Fig. 3. a) Relay valve (thyratron) RB, of which the A.C. grid voltage v; can be shifted in

g
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phase with respect to the A.C. anode voltage v,. The valve is loaded with a resistor r.
E, = grid bias. b) Early ignition owing to v being in phase with v,. The waveform of the
critical grid voltage v, corresponding to v, is indicated in broken lines. ¢) Corresponding
anode current. d) Late ignition, owing to v; lagging in phase with respect to v,. ¢) Anode
current corresponding to (d). ¢’ is the moment of ignition,

rectifying valves fitted with a control grid. Briefly
the working of these valves 4) amounts to this, that
with a positive anode voltage the valve ignites only
when the grid voltage exceeds a certain critical
value (in general this critical value is a function
of the anode voltage.) Once the valve has been
mg., D. M. Duinker, Relay valves as timing devices

in seam-welding practice, Philips Techn. Rev. 1, 11-15,

1936, or J. W. G. Mulder and H. L. van der Horst,

A controllable rectifier unit for 20,000 volts/18 amperes,
Philips Techn. Rev. 1, 161-165, 1936. :

the instant of ignition within such a half-cycle. This
can be arranged, for instance, by having a grid
voltage consisting partly of an alternating voltage
that can be changed in phase with respect to the

N

5) Only approximately, because in the first place there is a
certain minimum ignition voltage, in consequence of which
the valve cannot strike exactly at the beginning of the
half cycle, and in the second place owing to the voltage
dropping below the arc voltage the valve extinguishes
just before the end of the half-cycle. These points, however,
are of no consequence here. :
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anode voltage, as is demonstrated in fig. 3. In the
case considered here (a load consisting only of a
resistance) the anode current assumes the shape of
a cut half-sine. : '

In the foregoing only one half-cycle of the alter-
nating voltage supply has been used. In order to
make use of both valves two relay valves are con-
nectedinanti-parallelorback-to-back (fig. 4),
with the two alternating grid voltages in anti-phase.

RBy
o "
RBa |
) i A
B
O
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Fig. 4. Control device for alternating current with two relay
valves (RB;, RB,) connected in anti-parallel, 4 is the appara-
tus controlled, B the system with which the moment of ignition
of the valves can be adjusted.

Such control devices -— which in essence are syn-
chronous switches — have found an important
application in electrical welding (both spot and
seam welding), often for powers up to several hun-
dreds of kVA. They may also certainly be of use for
controlling the luminous intensity of incandescent
lamps (with the advantage of easy remote control).
But such a control system with the aid of relay
valves ‘particularly offers a good solution of the
;problem with TL lamps, for which no satisfactory
method of control had hitherto been found. At first
sight one would not expect this system of control
with relay valves to be successful with TL lamps,
for there is no doubt at all about the occurrence of
zero current gaps in this case ). Furthermoie, in

one respect the control device with relay valves,

shows some analogy with the variable ratio trans-
~ former: if we call the quantity wt’ = g the ignition
angle (w=2n times the mains frequency; ¢’ =

the instant of ignition) then in the part of the control -

%) This is not so evident as might appear from fig. 3. This
diagram has been drawn for the case where the load is
resistive. If there is also inductance in the circuit then
under certain circumstances part of the control range may
‘be free of zero current intervals, If the ignition is made to
take place gradually later in the cycle then there is always
a point beyond which a zero current interval occurs. In the
case of a TL lamp with the normal choke the conditions
are such that this point is reached very soon. To a good
approximation it may therefore be said that a TL lamp
controlled by means of relay valves always works with
zero current gaps except at the full strength of current.

range where the ignition angle lies between 90°
and 180° the highest instantaneous value of the
voltage at the lamp is generally less than the peak
Vmax of the mains voltage, namely Vpax sinf;
if B approaches close enough to 180° this voltage
ultimately becomes so small as to be insufficient
for the ignition of the TL lamps. ' '

On closer investigation, however, it is found
that the position is not by any means so unfavour-
able as one might expect from the foregoing. When
modern TL lamps are used and a simple measure
is applied to which we shall revert presently, the
working may even be said to be most satisfactory.

For an understanding of what i+ meant we have
to explain what takes place in a system as illustrated
diagrammatically in fig. 5. As soon as the grid vol-
tage in one of the relay valves exceeds the critical

‘value that valve ignites. Current then bégins to

flow-through R, a resistor of the order of 10,000
ohms. The TL lamps (only one is drawn in the
illustration) are connected in paiallel to R;, each
in series with the usual choke. If the lamp and the
choke were connected to the mains direct then we
should have a (somewhat distorted) alternating
current (fig. 1) lagging about 60° with respect to

T
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Fig. 5. Relay valves (RB,, RB,) used for controlling the lumin-
ous intensity of a TL lamp 2TL). L = choke in series with
each lamp, Tf= filament current transformer. In the middle
of the lamp is the conducting strip along the glass tube, earthed
via the clamping hand D. For the meaning of R,,C;, C,,E,; and
E, see the text. .

the mains voltage. When, with the system accord-
ing to fig. 5, the ignition angle B is adjusted to
about 60° then the normal current flows through
the lamp (the small voltage loss in the relay valves
— the arc voltage —.may be disregaided- here).

- Upon the ignition angle being enlarged the current
.decreases, the extreme limit being reached at a

Valuel of about 1 mA per TL lamp. The ignition
angle is then about 135°, so that at the moment of
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ignition the mains voltage still has an instantaneous
value of about 220 V, which is not very far below
the ignition voitage of a TL lamp with hot cathodes.

The fact that with § = 135° thé current is so much smaller
than the nominal current is due to the presence of the
inductance L and the arc voltage v,re. The effect of these two
quantities is that with increasing § the current falls much more
quickly than it does in a circuit where there is only a resistance,
as was assumed in the case of fig. 3.

Furthermore the voltage Ppayx.in f, suddenly
applied to the resistor R, each time one of the relay
valves strikes, excites an oscillating circuit. This
circuit is formed by the inductance L of the choke
and the capacitance C, between the electrodes
(and the filament-current windings connected
thereto) of the TL'lamp 7). As a simple calculation
shows, if the damping of this circuit and the stray
capacitance of the choke were disregarded then the

voltage across C, (thus across the TL lamp) would .

1each a peak value of about twice the amplitude
of the mains voltage at the moment of ignition of
the relay valve; thus with § = 135° a peak value

‘of about 2 Viaysin135° = 440 V. Owing to the

causes mentioned, the actual value measured is
not so high but still a good deal higher than
Vmax sin-g. Naturally this is"all to the good for the
ignition of the TL lamps.

Mention was made earlier of a modern design
of TL lamps havmg a conductmg strip. This strip
is on the outside of the tube and runs in the longitu-
dinal direction, extending almost to the electrodes.
A potential difference between the electrodes is
thereby mainly .concentrated in the small spaces
between each electrode and the end of the conduct-

- ing strip. Consequently, compared with a lamp

not having such a strip, the field strength at the
electrodes is much greater and the ignition voltage
of the lamp correspondingly lower.

The simple measure that has been referred to as
contributing towards a. considerable improvement
— in the sense that the luminous flux can be further
reduced without the lamps being caused to burn
unsteadily or extinguish altogether — consists in
earthing this conducting strip on the lamps (fig. 5).
Between this strip and the non-earthed electrode
E, we then have the capacitance C, instead of the

-capacitance C,. The voltage peak is then no longer

divided between two spaces but is available for
one space (that at E,). This facilitates ignition

7) See, e.g., Tj. Douma, Voltage impulses in rectifiers, Philips
Techn. Rev. 9, 135-146, 1947. In this article a number of
oscillograms are given showing osclllatlons such as are

referred. to here. .
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to such an extent that the smallest current on

which the lamps can still burn steadily actually
becomes in the order of 1 mA, thus making continu-
ous control of the luminous intensity possible
between the maximum and a very low level 8).
Measurements taken on normal TL lamps of 40 W,
fed with a control device to be described later,
showed that the lowest level at which the lamps
still burn quite steadily is between 1/70 and 1/100
of the maximum level. This is so low that, if complete
darkness is desired, one can then even interrupt
the current entirely without any annoying drop in
luminous intensity. It is to be noted that a largé
number of TL lamps can be controlled simultaneous-
ly with only one pair of relay valves; each lamp
has to be connected in series with a separate choke
in the usual way. Further, it is evident that no
starters are needed. On the other hand, as .already
observed, filament current transformers are re-
quired in order to keep the cathodes at a sufficient
temperature when the discharge current in the
lamps is reduced; it is advisable to vary the heating
current in the opposite semse to the dlscharge
current, because with the full current plus the
heating current the cathodes would become too hot.

A Y >
There are various ways of bringing about this variation of
the heating current. For instance, the filament current trans-
formers can be fed from a small variable ratio transformer
controlled by the same knob as that with which the device is

" operated for adjusting the ignition point of the relay valves.
It may even suffice to vary the heating current step forstep,

for instance by arranging for contacts on the spindle of the
control knob to switch on and off resistors connected in series
with the filament current transformers. -

A control device with relay valves is suitable
not only for TL lamps but also for tubular fluorés-
cent lamps working at high tension, in which
case the device is connected in series with the
primary of the high-tension transformer.

We shall first give a description of a control
device built for 35 TL lamps, following this up with
some details of the relay valves suitable for such
an application. ' -

Control device Jor 35 TL lamps

In fig. 6 a photograph is given of the apparatus

used for controlling the lighting of one of our
demonstration rooms. This lighting consists of
35 TL lamps of 40 W. As the photograph shows,
the apparatus comprises three parts: a casing in

8) A provisional report on this method of control appeared
under the title “Fluorescent light dimming control’
Philips Technical Communication, pp 9-13, 1948 (No. 7),
published by Philips Electrical Industries of Australia
Pty., Ltd,. Sydney. :

*in .
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which the two relay valves, among other parts,
are housed; a movable control box and a case con-
taining a simple filter. The filter serves for prevent-
ing the oscillations mentioned above interfering
with radio rec:ption in the vicinity via the lighting
mains.

The main elements of the circuit are represented
in fig. 7 'The manner in which the instant of ignition
of the relay valves is varied by means of the variable
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such a value that the valves could not strike if
there were no other voltage in the grid circuit.
These grid biases are supplied by two small auxiliary
rectifiers, the valves of which (AZ 41) can be seen
in fig. 6.

The other voltage referred to is an alternating
voltage that is shifted in phase in order to change
the moment of ignition. This voltage is not sinus-
oidal, as is represented in fig. 8a, but shows a steep

Fig. 6. Control device for 35 TL lamps of 40 W. I Opened casing with the two relay valves
PL 105. IT Movable control box. III Case with filter preventing radio interference via the
lighting mains. The two rectifying valves AZ 41 supply the fixed negative grid bias for the
relay valves.

resistor R contained in the control box will be ex-
plained later. The control box contains, further,
two switches S; and S,. If complete darkness is
required then, after it has been reduced as far as
possible, the current is interrupted with S;. If the
full light intensity is needed for some length of
time then the control device can be put out of action
by shorting it with S,.

In this demonstration apparatus no provision
has been made for varying the heating current.

The grid circuit calls for some explanation. Each
grid receives in the first place a negative bias of

front, in this case in the shape of a peak (fig. 8b).
Thus ignition always takes place at the moment of
the voltage peak, regardless of any changes taking
place in the characteristic representing the relation
between the anode voltage and the critical grid
voltage. In the case of a sinusoidal grid voltage
(fig. 8a) these changes would cause undesired dis-
placements of the moment of ignition.

The peak shape of curve with a steep front has
been chosen because this can easily be produced,
for instance, with the aid of a so-called peak trans-

former, i.e. a transformer with the secondary coil
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’

mounted on a part of the core that becomes very
highly saturated. Fig. 9 shows how -the core of
such a peak transformer can.be made. A sinusoidal
alternating current passing through the primary
coil induces in the said part of the core (K, fig. 9)
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used which reaches saturation at a much lower
magnetic field strength than the. conventional
transformer sheet of which the rest (X,) of the core
is made. This material is an alloy of iron and nickel
specially rolled and annealed °).
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Fig. 7. Basic circuit showing the working principle of the control device illustrated in fig. 6.
I Case containing the two relay valves (RB,, RB,) and the network B supplying the grid
voltages. IT Control box containing a small variable resistor R, with which the moment of
ignition of the relay valves is varied, and two switches (S;, S;). L = chokes connected in
series. Ty = filament-current transformers. I1I Mains filter.

a magnetic flux density B which, as. function of the
time ¢, has practically the shape of a “square sine”
(fig. 10). Every time B changes in sign a voltage
peak is induced in the secondary coil and the
quicker B changes the steeper are the flanks of
that peak. Since peaks with very steep flanks are
desired in order to get a sharply defined moment of
ignition, for the core part K, a material has been
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Fig. 8. Any variation in the characteristic of a relay valve,
in the case of a sinusoidal alternating voltage on the grid
(a), influences the instant of ignition (¢'7£¢”). If, on the other
hand, a positive peak-shaped grid voltage is used (b) a variation
of the characteristic has no such influence and the moment of
ignition remains practically constant (¢’ & t').

For shifting the phase of the peaks the mains
voltage is applied to a centre-tapped auto-trans-
former (fig. 11a), and to a fixed capacitor C and a
variable resistor R (the resistor in the control box,
fig. 7) connected in series. When R is increased’
from 0 to the maximum value Rpqx the phase differ-
ence a between the mains voltage and the voltage
MP (M = centre of the coil 4B, P = common
point of C and R) increases from 0 to omax =
2 arc tan wCRmax (see fig. 11b), where w = 97 times
the mains frequency; the voltage MP is constant in
amplitude. When the peak transformer described
above is connected between M and P the peaks can
be shifted in phase by varying R; Rmax has to be
so chosen that the limits between which a can be
varied (0 - amax) coincide with the limits between
which the peak has to be shifted. :

In order to feed a peak voltage to the grids of
the two relay valves either two peak transformers

9) J. L. Snoek, Magnetic cores for loading coils, Philips
Techn. Rev. 2, 77-83, 1937, in particular fig. 4, curve A,
The design of the peak transformer described is due to
D. M. Duinker and J. L. Snoek of Philips Research
Laboratory. . L
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can be used or ome such transformer with two
separate secondary windings mounted on the
saturated part of the core.

¢

K

61724

Fig. 9. Core of a peak transformer. K, part of the core made of
the usual transformer sheet, carrying the primary windings.
K, part of the core of a much smaller cross section and
preferably made of an easily saturated material. The secondary
coil is wound on K, ’

When' current is taken off between P and M (fig. 1la)
Umax < 2 arc tan @CRpqy, 50 that Ryay has to be greater than
(tan } amex)/wC. Therefore, in order to keep Rpyax as small
as possible, it is necessary to limit this current consumption
to the utmost. Now the primary current of the peak transfor-*
mer is for the greater part reactive, so that it can be com-
pensated with a suitable parallel capacitor (C;, fig. 12). In
this way it has been possible to manage with a variable resistor
of very small dimensions.
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Fig. 10. Dlustration of the operation of a peak transformer.
a) Flux density B as a function of the magnetic field strength
H for the part K, of the core (see fig. 9). b) H, proportional
“to the primary current i;, as a function of time. ¢) B as a func-
tion of time. d) The voltage v;, induced in the secondary coil,
as a function of time. v, is'proportional to dB/d:. s
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Another point to be noted is the following. The ecireuit is
so arranged that the earliest ignition (maximum luminous
intensity) takes place at R ~ 0. The corresponding moment
of ignition is determined by the given amplitude of the mains
voltage, the arc voltage and the re-ignition voltage of the TL
lamps; it lies at about 60° beyond the zero point of the mains
voltage. Now, as fig.' 10 shows, the peaks oceur when the
primary current of the peak transformer passes through zero,
so that at R ~ 0 this current must have a very definite phase
shift with respect to the voltage of the mains from which the
TL lamps and the coil AB (fig. 11a) are fed. This fixed phase
shift has been provided for by connecting a capacitor <,
fig. 12) in series with the primary of the peak transformer.

o~ b
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Fig. 11. @) Variation the resistor R causes a change in the phase
displacement a between the voltage MP and the mains voltage
AB, while MP remains constant in amplitude (31 is the centre
of AB), as shown by the vector diagram (b). AP corresponds
to the voltage across R, BP to that across the fixed capacitor
C. At the maximum value of R the point P comes to lie at P/,
corresponding to the maximum phase shift amay.

The number of TL lamps that can be connected
to one pair of relay valves is limited by the maximum
permissible mean current for the valves. For the
PL 105 type of valve used in the control device
described here this current is 6.4 A (per valve).
When burning at full strength each 40 W TL lamp
demands about 185 mA from the mean cur-
rent of each of the relay valves, so that with two
PL 105 valves at most 6.4/0.185 = 35 TL lamps
of 40 W can be used.

RB RB,

61727

bl .

Fig. 12. Details of the phase-shifting and peak-voltage circuits.
Tp = peak transformer with two secondary windings supply-
ing a peak voltage to the two relay valves (RB;, RB,). R and C
as in fig. 11a. C, capacitor for compensating the reactive current
of the circuit C,-T;,. C; capacitor for giving the peaks the
right phase, at R &~ 0, corresponding to the full luminous in-
tensity. . )

v
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Usually the current rating of a TL lamp is expressed by the
R.M.S. value, and for the 40 W type this is 420 mA. To derive
from this figure the required demand from the mean
current of the relay valves we assume that the control device
is connected to only one TL lamp burning at full strength and
presume, for the time being, that the current flowing through
the lamp is purely sinusoidal and thus has a form factor
7/2Y2 = 1.11. Taking this current to be commutated, its
mean value would therefore be 420/1.11 = 378 mA. Each of
the relay valves allows only a half-cycle of this current to pass
at a time and therefore its current has a mean value of ¥ X
378 = 189 mA. Owing to the deviation from the sinusoidal
form (see fig. 1b) the form factor is slightly larger and thus the
mean current slightly less (185 mA). ‘ .

In large halls, where usually far more than 35
lamps are needed, it is best to divide the lamps
into three groups of at most 35 and to feed each
group from a different ‘phase of the mains. Edch
group is fed via one pair of relay valves; if desired,
these three pairs can be controlled simultaneously
with only one knob.

Some details of the relay valve PL 105 and similar
types . .

Since the PL 105 type of relay valve used in
this control device has never been described in
this journal, this opportunity is taken to say some-
thing about it.

]

Fig. 13. Cross section of the electrode system of the relay valve
type PL 105. K = cathode indirectly heated by the filament F.
S = screens for heat insulation. G, = control grid, G, = screen
grid, A = anode. I, insulating plate fixing the screen grid
with respect to the cathode. I; one of the three insulators by
means of which the control grid is fixed to the screen grid.
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The PL 105 valve has four electrodes (see the
cross-sectional drawing in fig. 13): an indirectly
heated oxide-coated cathode, a control grid, a
screen grid and an anode. The gas filling consists of
saturated mercury vapour.
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The cathode is formed by two concentrical cyl-
inders connected by some radial partitions. The
heating filament is inside the smaller cylinder. The
surfaces taking part in the emission are the inside
of the large cylinder, the outside of the small one
and the two sides of the partitions. Enveloping
the larger cylinder are two non-emitting cylinders
acting as heat insulators so as to minimize the fila-
ment current required to keep the cathode at the
right temperature. The filament, the cathode and

- the screen grid are connected to the pins of the

valve base via a glass pinch.

The control grid is a graphite ring connected by
a flexible wire to a chrome-iron contact cap fused
air-tight onto the side of the glass bulb.

The anode is a metal disc with its edge rounded
off so as to avoid excessive field strengths. It is
connected to a terminal cap (likewise of chrome-iron)
on top of the bulb.

The ‘screen grid consists of metal walls with a
central opening,” mounted between the cathode
and the control grid and between the control grid
and the anode, and further a metal can enveloping
all the other electrodes. The' purpose of the screen
grid is to shut out all external stray fields and to

.keep the capacitance between anode and control
grid as small as possible with respect to the capaci-
tance between control grid and cathode. The object
of the latter is to prevent a sudden change in the
voltage on the anode causing the control grid vol-

- 1500V
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Fig. 14. Average characteristic of the relay valve PL 105;
e; = anode voltage, ¢, = contyol-grid voltage at which the "
valve just strikes. Fully-drawn line: with screen-grid voltage
zero. Broken line: with a certain, positive, screen-grid voltage.
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Fig. 15. Three relay valves of similar construction. From left to right: PL 105 (maximum
permissible mean anode current 6.4 A), PL 57 (2.5 A) and PL 17 (0.5 A).

tage to exceed momentarily the critical value and
thus prematurely igniting the valve. For this pur-
pose the screen grid has to be connected to the
cathode across a not too high impedance, say a
resistance of 10,000 ohms. For certain applications
it is also possible to apply a voltage between the
control grid and the cathode: if, for instance, this
grid is made positive then with a given control-grid
voltage a lower anode voltage is sufficient to cause
the valve to strike. The characteristic representing
the anode voltage at which the valve strikes, as a
function of the control-grid voltage and with a
constant screen-grid voltage (fig. 14), is thereby
shifted to the left. In this way small variations of the
characteristic can be corrected.

The characteristic is strongly dependent upon the
position of the two grids with respect to each other
and with respect to the cathode. These electrodes
must therefore be rigidly fixed. The screen grid is
fixed with respect to the cathode by the ceramic
bottom of the screen-grid can. This can carries
three rod-shaped insulators, likewise of a ceramic
material, in which the control grid is mounted by
means of three radial rods.

The maximum permissible mean current, as
already stated, is 6.4 A. Another criterion that may
be decisive in certain cases is the peak current,
which may not exceed 40 A.

The peak value of the voltage between
cathode and anode of the PL 105 valve must not
exceed 2500V, both in the positive and in the negative

sense. Otherwise short-circuiting is apt to occur,
either — with positive anode — in the forward
direction (but at an undesired moment beyond the
control of the grid) or in the inverse direction
(backfiring), which is always undesirable and, more-
over, may be detrimental to the valve.

Two smaller types (fig. 15), the PL 57 for a
maximum mean current of 2.5 A and the PL 17 for
0.5 A max. mean current, have been developed on
mainly the same lines as the PL 105 described
here. The PL 57 has an indirectly heated cathode,
whereas the PL 17 has a directly heated cathode.

These small valves have no screen grid.

Summary. The usual methods for controlling the luminous
intensity of incandescent lamps, for instance with the aid of
a variable ratio transformer or a series resistor, do not lend
themselves for application with TL or other gas-discharge
lamps. A good control device for such lamps (on A.C. mains)
consists of a pair of relay valves connected in anti-parallel, the
ignition point of which can be varied, for instance, by means of
a grid voltage that is shifted in phase. A perfectly gradual
variation of the luminous intensity of TL lamps between the
maximum and a very low value (70 to 100:1) is possible when
the conducting strip provided on modern lamps is earthed.
To keep the cathodes of the lamps at the right temperature
it is necessary that they be heated with a filament current
so long as there is no discharge current. For this purpose
separate transformers are needed; on the other hand starters can
be dispensed with. With this method of control, which lends
itself well for remote control, TL lamps can be used also in
theatres, cinemas and lecture halls, for stage lighting and other
purposes where the luminous intensity has to be gradually
lowered or raised. The same applies for high-tension fluores-
cent lamps. A demonstration apparatus serving 35 TL lamps
of 40 W is described. Here the alternating grid voltage is
peak-shaped; it is derived from a special transformer and can
be shifted in phase by means of a small variable resistor. Some
particulars are given of the relay valves employed.
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" ABSTRACTS OF RECENT SCIENTIFIC PUBLICATIONS OF THE
N.V. PHILIPS’ GLOEILAMPENFABRIEKEN

Reprints of these papers not marked with an astensk can be obtained free of charge
upon application to the address on the back cover.

1904: J. M. Stevels: Relations entre les strue-
tures des verres et leurs propriétés méca-
niques, physiques et chimiques (Verres et
Refractaires 3, 359-368, Dec. 1949). (Rela-
tions between the structures of glasses
and their mechanical, physical and chemical
properties; in French.)

Zachariasen’s theory (see No. 1774 of these
abstracts and Philips Techn. Rev. 8, 231-236, 1946)
concerning network-forming and network-modifying
ions in glass and its experimental confirmation by
the work of Warren c.s. is treated first. After
having discussed the structure of borate glasses
(existence of an “accumulation region” ‘and a
“destruction region”), the writer indicates certain
improvements of this theory. The same ion may,
according to circumstances, behave either as a
network-forming or a network-modifying iron.
According to Smekal the glass network is not
only due to an irregular arrangement of oxygen
polyhedra but it also depends upon the nature of
the bonds within the polyhedra. These bonds can
be either heteropolar or homopolar, thereby
influencing the distance between the ions involved.
The influence of these new conceptions on the
. interpretation of mechanical, physical and chemical
properties of glass is indicated. An important
constant, determining the rigidity of the network,

is Y = 2Z — 2R, where Z is the average number |

" of oxygen ions surrounding a network-forming
ion and R is the ratio of oxygen ions to network-
forming ions. Y equals the number of bridging
oxygen ions per polyhedron. For commercial
glasses 4 > Y > 3, for soft glasses 3 > Y > 2,
whilst glasses with Y <C 2 show a strong devitrifying
tendency. The more rigid the lattice, the more
the thermal expansion decreases, whereas the
melting point increases.

Finally conclusions may be ‘drawn from the
electrical properties of glass as regard its structure
and especially as regards the tendency of certain
ions to change over from a network-modifying
position into a network-forming position.

1905: R. van der Veen: Induction phenomena
in photosynthesis, IT (Physiologica plantarum

2, 287-296, 1949).

In this paper (see No. 1882 of these abstracts)
induction phenomena experiments on secondary
peaks of the adaption curve are discussed. These
experiments make it probable that photosynthesis
is inhibited by an agent which is formed during-
photosynthesis and acts with a certain lag of time.
The secondary peaks have their origin in this slow
action of the inhibitor, which may be O, or perhaps
some organic peroxide. -

Experiments in nitrogen with very little oxygen
show that the inactivation of the adaption factor
is probably caused by an oxidation of this factor, '
while its activation may be 'caus_ed by a reduction .
by the illuminated chlorophyll complex.

Experiments in pure nitrogen with CO, make it
probable that the initial CO,-uptake is damaged in
dark under anaerobic conditions, but that recovery
takes place when oxygen is present.

Experiments in hydrogen confirm the supposition,
made in the first paper, that by heat-treatment
of leaves (exposing leaves of Holcus lanatus to
48° C during 3 minu"ces) the connection between
H-donor and chlorophyll is damaged.

1906: H. C. Hamaker: Systematische en toe-
vallige fouten bij het aflezen van de stand
van een wijzer op een schaal (Statistica 3,
'209-223, 1949, No. 5/6). (Systematic and
random errors in estimating the position
of a pointer on a scale; in Dutch.)

Using data published by V. Varangot the writer
analyses the systematic and random errors made in
estimating the position of a pointer on a scale.
At positions between 0.1 and 0.5 and between 0.9
and 1.0 there is a tendency to estimate the position
a few 0.01 too low, whereas at positions between
0 and 0.1 and between 0.5 and 0.9 the reverse
tendency is evident. In a number of cases the sy-
stematic and the random errors are separated by
a regression analysis. Personal differences in the
magnitude of the systematic errors are investigated.
(See No. 1817 of these abstracts.)

1907: F. A. Kréger and W. Hoogenstraaten:
The location of dissipative transitions in
luminescent systems (Physica The Hague
16, 30-32, 1950, No. 1).
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From the temperature-dependence of the decay
of fluorescence in Cd,B,0;,-Mn and CdSiO,-Mn it
is found that the quenching of fluorescence at
high temperatures is due to dissipative transitions
from the excited state of the centres, whereas the
quenching at low temperatures is due to dissipative
transitions from higher states of a different character.

- For the orange samarium fluorescence of CaW0,-Sm’

the situation is similar, the only difference being
that at low temperatures the energy is not dissipated
but emitted as tungstate fluorescence.

1908: H. G. Beljers: A demonstration of the
induced magnetic moment in the third direc-

tion at gyromagnetic resonance (Physica,
The Hague 16, 75-76, 1950, No. 1).

A

If a material showing gyromagnetic resonance is
placed in a constant magnetic field on which an
alternating field is superimposed perpendicularly,
an alternating magnetic polarization occurs not
only in the direction of this alternating field but
also in ‘the third direction, perpendicular to both
the alternating and the constant field. The existence
of this polarisation is proved, using a system of
wave-guides (magic tee). (See Philips Techn. Rev.
11, 313-322, 1950, No. 11, and No. 1850 of these
abstracts).

1909: C. J. Bouwkamp: On the freely vibrating
circular disk and the diffraction of circular
disks and apertures (Physica, The Hague
16, 1-16, 1950, No. 1). :

‘The writer develops a theory of the acoustic field
produced by a freely vibrating, rigid, circular disk
on the assumption that the wavelength is large
compared to the radius of the disk. The solution is
presented in the form of a series of ascending powers
of wave number times radius of disk. The new
approach, which is based on integral equations,
easily permits the explicit calculation of a number
of terms of this series. The results are equally applic-
able to the diffraction at “circular disks and aper-
tures of plane scalar waves impinging in the normal
direction upon the obstacle. A survey of earlier
results by various authors is included.

1910: R. Loosjes and H. J. Vink: Distribution
. du potentiel dans la couche d’une cathode
3 oxydes pendant une impulsion de courant

de grande densité (Le Vide 5, 731-738, Jan.

1950). (Potential distribution in the oxide

layer of an oxide-coated cathode during a
.current impulse of high density; in French.)

The distribution of the potential in the coating
of an oxide-coated cathode is investigated according
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to two different methods. Firstly the distance of the
anode to the cathode is varied and the measured
potential differences are extrapolated to zero dis-
tance. In this way the value of the potential at the
surface of the coating is found. Secondly the poten-
tial distribution in the coating is determined by
a probe method. No jump in potential is found at
the interface between metal and oxide. The greater
part of the potential drop is concentrated near the
outer surface of the coating.

- 1911: W. Nijenhuis: Theoretische grenzen voor

de overdracht van brede frequentiebanden
(T. Ned. Radiogenootsch. 15, 13-31, 1950,
No. 1). (Theoretical limits for the trans-
mission of broad frequency bands; in Dutch.)

The paper deals with the question of: obtaining
maximum gain in a given frequency band from two- |
terminal and four-terminal interstages. It has been
“attempted to elucidate and, partly, to generalize
the treatment in Bode’s: Network Analysis and
Freedback Amplifier Design.

1912*: E. W. Gorter: L’aimantation spontanée

de ferrites ferromagnetiques & structure de
spinelle (C.R. Acad. Sc., Paris 230, 192-194,
1950, Jan. 9). (Spontaneous magnetisation of
ferromagnetic ferrites with spinel structure;

in French.)

The spontaneous magnetisation of a number of
ferrites of the type MFe,0, (M = bivalent metal)
and of mixed crystals of these ferrites with zinc
ferrite (ZnFe,0,) is measured; the results confirm
Néel’s theory (Ann. Physique 3, 137, 1948).

1913: J. L. Meijering and G. W. Rathenau:
Rapid oxidation of metals and alloys in the
presence of molybdenum trioxide (Nature,
London 165, 240, 1950, Febr. 11).

The influence of molybdenum trioxide on the
oxidation of metals and alloys has been studied as
a function of temperature. A graph is given of the
depth of penetration in 8/92 Al-Cu wires for differ-
ent times of heating (*/, h, 3 h, 20 h, 165 h) in the
temperature range from 400 °C to 550 °C.

The .results of these and other experiments
support the view that the occurrence of a liquid
oxide phase is the determining factor, not the
dissociation of MoQ; as put forward by Leslie and
Fontana. '

1914: E. J. W. Verwey: Atomic arrangement in
spinels in connection with their physical
properties (Proc. 11th Int. Congr. Pure and
Appl. Chem., Vol. I, 285-291, Febr. 1950).
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Survey of investigations regardmg the structure
and the electrical and magnetic, properties of
spinels (see Nos 1738, 1739, 1845 of these abstracts
and Philips Techn. Rev. 9, 185-190, 239-248, 1947).

1915: K. F. Niessen: On avoiding low frequencies
in a rectangular cavity resonator used as
part of a triode generator (Appl. sci. Res.,

The Hague B1, 325-340, 1950).

Reprint of an article published on the occasion
of the Marconi Congress, Rome 1947 (Roma, Consi-
glio Naz. delle Ricerche 1948, 312-329). It is shown
that by adding a “side room” to a prismatic cavity
of quadratic or triangular cross-section (see Nos
1815, 1853, 1854 of these abstracts) all lower fre-
quencies ekcept one (the frequency required) are
changed. By combining such extended -cavities,
prismatic resonators are obtained with a symmetri-

cal cross section, in which vibrations with undesired

frequencies may be suppressed by applying a bar
at a suitable place.

1916: E. J. W. Verwey: Theory of the electric
double layer of stabilized emulsions (Proc.
Kon. Ned. Akad. Wetensch. Amsterdam 53,
376-385, 1950, No. 3).

The electrical potential function and the distri-
bution of the charges at the interface of two im-
miscible liquids are calculated with the aid of a
Gouy-Chapman type of theory, for the case that
in addition to the original double layer a surface
charge is present at the interface. '

1917: K. F. Niessen: On one of Heisenberg’s
hypotheses in the theory of specific heat
of superconductors (Physica, The Hague 16,

' 77-83, 1950, No. 2).

An assumption made by . Heisenberg in
Koppe’s theory of the specific heat of super-
conductors is discussed. A comparison with another
problem seems at first sight to contradict this
assumption but turns out to support it.
Heisenberg’s assumption is also confirmed in a
direct way. ‘

1918: K. F. Niessen: The energy of the normal
electrons in a superconductor as a function of
temperature and thickness of the supercon-
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ducting layer on the Fermi surface (Physica,
The Hague 16, 84-94, 1950, No. 2).

In order to simplify calculations Heisenberg’s
assumption about the superconducting layer cover-
ing a part of the Fermi surface (see No. 1917) is-
modified in so far that a layer is assumed of thickness
A (by which is meant the difference of the energies
corresponding to the upper and lower surfaces of the
layer), which layer, covering a part w of the Fermi
surface, is entirely inaccessible to normal electrons,
whilst all its volume elements h? are supposéd to be
occupied by superconducting electrons. A formula for
the energy of the normal electrons is derived, which
is a function of w, T and 4 and which for 4> kT
coincides with Koppe’s expression in the Heisen-
berg theory but for A K kT is identical with the
value well known from Sommerfeld’s theory
of metals. A relation is derived between the transi-
tion temperature and the numbers of supercon-
ducting and normal electrons per cubic centimeter,

both at T = 0.

1919: J. L. H. Jonker: Buizen met lintvormige
electronenbundel; contact-, schakel-, kies-
en telbuis (T. Ned. Radiog. 15, 37-52, 1950,
No. 2). (Valvés with ribbon-shaped electron
beam; contact valve, switch valve, selector
valve, counting valve; in Dutch.)

Paper covering the subject already referred to
under No. R 126.

1920: K. S. Knol: Electromagnetische golven in
rechthoekige golfpijpen.(T. Ned. Radiog. 15,
53-74, 1950, No. 2). (Electromagnetic waves
in rectangular wave guides; in Dutch.)

A survey of wave guide theory is given. The
method of Brillouin for rectangular wave guides is
dealt with in more detail and the.solution of
Maxwell’s equations in the interior of a wave
guide is found by superimposing the incident wave.
upon three reflected waves occurring when a plane
linearly polarized electromagnetic wave strikes
against two mutual perpendicular metal walls.
Some applications of wave guides in practice are
mentioned. A rubber sheet model may be used in
studying problems of propagation of TE,, waves
in rectangular wave guides. (See’ Philips Techn.
Rev. 11, 156-163, 1949, No. 5.)
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WIRE AND CABLE INSULATING MATERIALS WITH
POLYVINYL CHLORIDE AS BASE

by E. A. J. MOL*).

621.315.336.96:678.773.312

The non-inflammability end much greater durability of certain plastic materials, especially
those based on polyvinyl chloride, arc the main reasons why these are being preferred more
and more, over rubber and textiles, for insulating electrical conductors. Connecting leads
insulated with these plastics are already being used on a large scale for radio and other elec- :
trical api;?zratus. In several countries, among which the U.S.A., large quantities “of wire ‘
insulated ‘with plastic material are also being used for permanent electrical installations
in houses. In some other countries the application of these new materials is hindered by the
insulation resistance requirements of official testing specifications. These requirements are
based on the properties of rubber; polyvinyl chloride plastics have a lower insulation resis-
tance, which, however, is quite high enough for almost all practical purposes. It would be
regretted if the good properties of these new insulating materials could not be utilized to best
advantage merely on account of the lack of suitable testing specifications.

Introduction

As insulating material for electrical conductors,
rubber — either alone or in combination with a
textile, such as cotton — still holds a predominating
position. For many years it could indeed lay claim
to being the most suitable material for this purpose:
it has a very high insulation resistance, is easily
processed and is not costly. Certain unfavourable
properties, such as its inflammability and its lack
of resistance to high temperatures and ultra-violet
rays, have had to be accepted. Its inflammability,
in particular, is a serious limitation: faults in
electrical wiring rank second on the list of the
-causes of fires breaking out in houses ! It is not
surprising, therefore, that inaterials possessing
better properties than rubber should have been
sought, and it is even less surprising that they should
have been sought in the first place among plastics,
‘of which in the last 20 years an enormous number
of different kinds with a great variety of properties
have been developed. This development, it may be

"") Pope’s Wire and Lainp Works, Venlo, Holland.

remarked, has been stimulated more by the threat
of war in the thirties, which made it necessary to
reckon with a severe shortage of rubber in all
industrial countries, rather than by the desire
for a better material. : ‘
As a consequence a number of plastic insulating
materials have been developed which are character-
ised by the common feature that they are all based
upon the synthetic resin polyvinyl chloride as
main ingredient, with certain admixtures designated
according to their effect as plasticizers, stabili-
zers, pigments, etc., which will be dealt with
farther on. The properties of these PVC materials 1)
depend very largely upon the nature and quantities
of these admixtures, and it is possible to produce,
even within this limited range of plastics, a series
of materials each combining certain favourable
properties. '
1) The abbreviation PVC is used in this article to denote the.
insulating materials based on polyvinyl chloride (thus
including the admixtures); where the word polyvinyl °

chloride is written in full this relates to the synthetic
resin itself. - ’
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In this. way insulating materials have been
manufactured which in many respects are far
superior to rubber and are therefore being used
more and more in preference to rubber. Nevertheless
many are still averse to using PVC materials,
mainly for one of the following reasons:

1) PVC is thought to be only a substitute for
rubber, and as such only to have served its purpose
under the exigencies of war.

2) It is considered that by no means sufficient
experience has been obtained with PV€ as insulating
material, so that its use on a large scale would be
too risky.

The first belief may be explained by the fact
that during the war (and even for some time after
it) there was a great scarcity of good plasticizers.
The poor reputation of many of the PVC materials
manufactured during that period (brittleness,
‘stickiness and poor insulation) apparently still
persists. At the present time, however, there is
ample production of good plasticizers and results
are now being obtained which ten years ago were
considered to be impossible. Any fear of inferior
quality is therefore now quite unjustified.

As regards the second point,’i.e. the supposed
lack of experience, extensive investigations were
carried out both in America and in Germany
even before 1940. As an example may be mentioned
a test carried out in America with a PVC-insulated
cable laid, without any other protection, 30 cm
deep in the ground, and carrying continuously a
voltage of 115 V. ‘After twelve years the properties
of the PVC material were still such that the cable
could have rendered many more .years’ service.
Data collected in Germany about PVC materials
come mainly from the postal authorities, who
report satisfactory results both with underground
cables (laid in 1935) and with PVC wires used in
telephone exchanges, notwithstanding the fact
that the PVC materials used there were not so
good as those used in America.

Experience on a very much wider scale has been
gained during the war. Results with PVC on ships
of the U.S.Navy, where particularly strict non-
inflammability requirements had to be met, were
so satisfactory that it was decided to use wire insu-
lated with this material also for the permanent
electric wiring of houses. The fact that it stands
up against mechanical wear, strong sunlight and
moisture has been particularly demonstrated by
the use of PVC for field telephone lines run out

- along the ground, often across rough country

and in a tropical climate.
'Prejudice against PVC matenals is in some cases

’
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also due to the lack of understanding that any
material, whatever it may be, has to be used in
a manner appropriate to its properties. It is, for
example, often overlooked that PVC is thermo-
plastic, that is to say it becomes plastic above
a certain temperature, so that any mechanical
pressure accompanied by too high a temperature
may cause short-circuiting. If simple precautions
are taken this danger can usually be avoided, but
if through ignorance or negligence it is omitted
to take such measures then there is a chance of
PVC unjustifiably getting a bad name.

The purpose of this article is to give more -
publicity to the properties and characteristic
features of PVC materials, and in particular those -

"of the PVC products being manufactured by Pope’s

Wire and Lamp Works in Holland since -before
1940 and marketed under the trade name “Podur”.

The composition of PVC materials I

As already stated, for the manufacture of in-
sulating materials with polyvinyl chloride as a
base a number of substances are added, each for
a particular function, which will- be explained
below. Roughly speaking, the composition of a
PVC mixture is: '

parts by .

weight
1. polyvinyl chloride .o 100
2. plasticizer(s) . . . . . . ... 30 - 80
3. stabilizers . . . ... .. ... 1 - 10
4. pigments . . . . . . . . 0.1 - 2
5. filers. . . . . ... .. .00 - 20
6. lubricants. . . . . . . . 05 - 2

Polyvinyl chloride
Pure polyvinyl chloride is a white powder

‘obtained by the polymerization 2) of vinyl chloride,

CH, = CHCl. There are various methods of pro-
ducing vinyl chloride. In the Netherlands a method
is applied starting from ethylene (obtained from
the mineral oil or coal industries) and chlorine
(from- the salt industry), with the formation of
1,2-dichloro ethane in’ an intermediate stage:

CH,— CH, +Cl, » CH,Cl—CHCL,

. ethylene  chlorine 1,2-dichloro ethane

CH,C1— C,HCl » CH,= CHCl + HCL

1,2 d1chloro ethane vmyl chloride hydrochloric
acid

2) See, e.g., J. C. Derksen and M. Stel Plastics and their
application in the electrotechnical mdust.ty1 Philips Techn.
Rev. 11, pp 33-41, 1949 (No. 2), in particular p. 35.
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In the second stage of this process pyrolysis is
applied (decomposition by heating).

The vinyl chloride obtained, which under atmos-
pheric pressure and at room temperature is a gas
but in this process is liquefied under préssure,
.is purified and then polymerized, when numerous
monomer molecules (molecular weight 62.5) link
up into long threadlike molecules with a molecular

weight between 10,000 and 20,000. This means

that 150 to 300 vinyl chloride molecules combine.
A fully stretched molecule of polyvmyl chloride
may reach a length of 0.08 .

This polymerization, which takes place very readily, is
accelerated by catalysts (promoters), for instance henzoyl
peroxide or hydrogen peroxide. It is exothermie, the large
amount of heat released by the reaction (1300 calories per
gram molecule of vinyl chloride) having to be carried off,
because the temperature has to be kept within narrow limits,
in order to obtain a constant product. Technically this can only
be done propeily by polymerizing in an aqueous emulsion,
each dispersed droplet of vinyl chloride being surrounded by
a quantity of water acting as a cooling agent. Moreover this
method has the advantage that the polyvinyl chloride can

thereby be obtained in a form resembling rubber latex, which

lends itself well to further processing. Polyvinyl chloride latex
is easily coagulated with certain agents, and, properly applied,
this method results in the production of polyvinyl chloride
in the, form of a powder, which is easy to wash and dry. The
latex can also be processed as such.

Plasticizers

Polyvinyl chloride obtained in the manner
described in the form of a white powder is thermo-
plastic. By a combination of heat.and pressure
it can be formed into a horny substance, but
there are very few uses for which this is suitable.
When it is desired to manufacture materials
resembling rubber a concentrated solution has
to be made of polyvinyl chloride in.non-volatile,

usually “liquid, solvents, - which are . called
plasticizers or softeners.
The preparation of the solution, which is.

actually not liquid but rather like a gel, is called
gelatinizing. This takes. place at an elevated
temperature (150 to 170 °C), either between pairs
of rolls rotating at different speeds or in a power-

ful kneading machine followed by sheeting out.

In both cases the gelatinized mixture is produced
in the form of a sheet of 2 to 4 mm thickness, which
is then either cut up into chips in a rotating cutting
machine or formed into strands in an extruding
machine. When the material is to be used for
insulating wires the chips or strands are fed into
the \;rire-boati_ng machines, about which more will
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be said later;j first we have to deal further with
the plasticizers.

It has already been intimated that the quality
of a PVC product stands or falls with the quality
of the plasticizers. These substances are therefore
of just as much importance as the polyvinyl chloride
itself. They have to answer a number of require-
ments, some of which are opposed to each other.
One of the most important conditions has already
been mentioned: a plasticizer must not be volatile,
otherwise it would gradually evaporate from the
PVC material, which would then become hard and
brittle, especially at high temperatures. This has
been the experience with certain kinds of PVC
products during the war, in which the rather volatile
dibutyl phthalate was used as a plasticizer, Now-
adays sufficient supplies of plasticizers are available
which do not show this fault at all, as for instance
tricresyl phosphate. :

Apart from evaporation, an inferior plasticizer
may leave the PVC material in various other ways
and thus equally detract from the durability of
such a material. For example, some are subject
to decomposition (caused by high temperature
or by high relative humidity such as occur in the
tropics, and also from the action of ultra-violet
rays), or else through migration they may be
absorbed in some other plastic or oil with which
the PVC may come into contact.

This latter phenomenon is governed by the mo-
bility of the plasticizer and by the extent to which
the contacting plastic has an affinity for it. This
will be reverted to later.

Stabilizers

Polyvinyl chloride contains more than 50 wt %
of chlorine, so that it is not surprising that at
high temperatures HCI tends to become separated.
This is an autocatalytic process, the HCI formed
promoting the separation of still more HClL Tt is
therefore necessary to counteract this separation
right from the beginning, and this can be done
by adding a substance (the stabilizer) as for
instance lead stearate, which binds HCI in an
inactive form. With such a stabilizer the PVC
material can withstand temperatures up to 150 °C
for a long time without any adverse consequences.

Other substances serve as stabilizers for counter-
acting the effect of ultra-violet rays. Both the
plasticizer and the polyvinyl chloride itself can be
made insusceptible to these rays by means of

_suitable stabilizers. The scope of the present article

does not allow us to go furthet into the mechanism

~of this process.
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Pigments

The fact that PVC materials can be made in
all sorts of striking colours and combinations of
colours is an important advantage. In the case of
multiple-core cables which form the nerves of a
telephone exchange, and also for radio and similar
apparatus, it is of great value to be able to dis-
tinguish readily the .various electrical circuits
from the colours given to the leads.

At first the pigments employed were those used
for colouring rubber, but now preference is given
to specially prepared pigments of greater disper-
sability, which at the same time stand up better
against heat and light.

By a certain method of extrusion (the process
described below by means of which the PVC material
is applied to the wire that is to be insulated) or
of finishing, a wire can be marked with a second
colour, thereby considerably extending the number
of circuits that can be distinguished.

Fillers

The insulating capacity -and the resistance to
heat of the PVC material are improved by the
addition of small quantities of certain kinds of
clay. Such fillers also have the advantage of
reducing cost owing to their cheapness, but the
manufacturer should not be tempted into using
excessive amounts because then the final product
would suffer considerably in quality. The same is
the case when other fillers are used, so this is a
point that has to be carefully watched.

Lubricants

The last of the admixtures to be,mentioned are
the lubricants, which are added so as to facilitate
extrusion. Their action is based on the fact that
they are not readily miscible with the other in-
gredients. They form a thin lubricating layer on
the outside of the mass and thus prevent direct
contact between the mass and the hot metal wall
of the extruding machine. Incidentally this layer
also reduces the risk of decomposition and dis-
coloration and at the same time gives a higher
gloss to the extruded material. ' .

Among the substances used as lubricants are
the salts ‘of fatty acids (magnesium stearate,
calcium stearate) and, sometimes, also paraffin
wax, in quantities of 0.5 to 29%,.

Properties of PVC materials -

After this brief review of the constituents of
PVC mixtures we have to consider the properties
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of PVC materials and how these are affected by

.the nature and quantities of the admixtures. Speak-

ing in general terms it may be said that all the
admixtures affect the quality of the final product;
this applies especially to the plasticizers, in some
cases also to the pigments, and even to a certain
extent to the agents used in the preparation of
the polyvinyl chloride itself (emulsifiers, catalysts,
coagulators). On the one hand the multiplicity of
the effects of these admixtures is a favourable
factor, since it affords the possibility of manufac-
turing a great variety of products, but on the other
hand ‘it is obvious that for the manufacture of a
product possessing specific properties a thorough
investigation and close control over all stages of
the manufacturing process are essential.

We shall classify the properties of PVC materials

‘under the headings of mechanical properties, elec-
“trical properties and their - resistance to ageing,

moisture and various chemicals.

Mechanical properties

When considering those admixtures that affect
the mechanical properties of PYC materials we
shall confine our attention to that which is of the
most importance — as its name implies — viz. the
plasticizer.

The general rule is that a viscous plasticizer
yields a harder PVC product than a more fluid one
used in the same concentration. There are, however,
quite a number of exceptions to this rule: sometimes
the solvability, i.e. the property of saturating
the secondary valencies of the molecules of the
polyvinyl chloride, is of more importance than the
viscosity of the plasticizer. There are, for instance,
viscous, resinous, but highly solvating plasticizers
which yield an astonishingly flexible PVC product.

The higher the content of a certain plasticizer,
the less is the hardness, the modulus of elasticity,
the tensile strength and the rigidity of the product;
on the other hand the elongation at break increases.
An example of this is given in fig. 1.

Elevation of temperature gives greater mobility
to the molecules, the material becomes softer,

~more flexible and less strong, the deformation

assuming more and moré a plastic character.
Fig. 2 shows how the rigidity 3) of PVC materials
made with different plasticizers is affected by tem-
perature. It is clear that in this respect a plasticizer

‘like dioctyl sebacate is more favourable than, say,

tricresyl phosphate.
. .

8) Measured according to the specification D 747-43 T of

the American Society for Testing Materials:
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. The fact that most of the (mechanical) properties of PVC
are a function of temperature is due mainly to the viscosity
of the mixture being temperature-dependent. Much has already
‘been written about this temperature-dependency ). As a
general rule it may be said that the more aromatic the character
of the plasticizer, the greater is the dependency upon tempera-
ture. Examples of more aromatic plasticizers are tricresyl
phosphate and dibenzyl phthalate. On the other hand, in the
case of esters having long aliphatic chains, like dioctyl
sebacinate, trioctyl phosphate and butyl acetyl ricinoleate,
the viscosity changes but little, with temperature.

. % X ' oslrora
500 100
f ?
400 -180
300 -60
200 -40
100 -120

0 - 1 1 1 1 1 L -
0 0 20 30 40 50 60 70 80%5

—ep0 62228

Fig. 1. The breaking strain e and the hardness h, expressed
in °Shore, of a certain kind of “Podur”, as a function of the
plasticizer content p (p in wt % of the quantity of polyvinyl
chloride). '

Compared with the rubber that is used for
insulating, PVC has greater abrasion and tear
resistance. It is for this reason that in the U.S.A.

for instance rubber has been entirely replaced by -

PVC for field telephone lines (“aésault wire”).
Dilggan has compared the abrasion resistance
of PVC with that of rubber by dragging segments
covered with sandpaper over the material under
a certain pressure. This test showed that the
greater the content of plasticizer the greater is
the wearing strength of the PVC product. From
Duggan’s figures it may be concluded that the

%) See, e.g., H. Jones, Trans. Inst. Rubber Ind. 21, 298-322,
1946; E. M. Bried, H. F. Kidder, C. M. Murthy and
W. A. Zisman, Ind. Eng. Chem. 39, 484-497, 1947

~"R. T. Sanderson, Ind. Eng. Chem. 41, 368-374, 1949
(No. 2). .
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kinds of “Podur” used as insulating material have
75 to 1009, higher abrasion resistance than a
standard rubber mixture answering the specifica-
tions D 395-40 of the American Society for Testing
Materials. . .

As far as other properties are concerned good
grades of PVC materials are on a par with or closely
approximate the best kinds of rubber. From table I
it appears that most properties are subject to
considerable variations, but it should be borne in
mind that the values given here cannot be combined |
arbitrarily; high elongation, for instance, cannot
go hand in hand with great hardness. '

Table I.Some mechanical properties 5) of flexible PVC materials,

Tensile strength at normal temp. . . | 10-10%:25-108 N/m?6)
' ’ (100-250 kg/em?)

Rigidity at normaltemp. . . . . . . 3.5-108.200-10° N/m?

(35-2000 kg/em?)

Hardness at normal temp. . . . . . 60-200 °Shore

Elongation at break, at normal temp. | 100-500 9,

Permanent deformation under a com-

pression load of 7-10° N/m? (7 kg/em?),

at 70°C ..o oo 10-15 9,

kq/cmz

-0*

1 ) 1 - -
. -0 4 10 20 30 40 50 60
—1

' | ! 1 10
20
62229

Fig. 2. The modulus of rigidity 3) 5 of certain types of “Podur”
with different plasticizers (content p = 40% in each case),
as function of the temperature t. TCF = tricresyl phosphate,
DOP = dioctyl phthalate, TOF = trioctyl phosphate;
DOS = dioctyl sebacate. For the scale on the left see
footnote 8).

5) Determined according to the specifications of the American
Society for Testing Materials,
%) 1N = 1newton = 105 dynes ~ 0.1 kg forte.
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Electrical properties

The most important electrical properties are
conductivity, dielectric constant, loss angle
and breakdown strength.

The conductance of PVC is to be ascribed to
the presence of charge carriers, such as ions, which
are capable of displacement over relatively large
distances. Conductivity increases with the number
and mobility of the ions, that is to say, according
to the quantity of certain impurities contained
in the polyvinyl chloride and in the plasticizer
and according to the content of plasticizer and the
temperature. '

Investigations regarding potentials at the
interfaces between inhomogeneous areas in PVC
materials have given. rise to the question whether a
PVC material exposed to direct current does not
in course of time change in its properties.
Wiirstlin 7) found, indeed, that under the in-
fluence of a direct Yol"cage applied for a long time
a highly diluted solution of polyvinyl chloride in

" differént plasticizers splits up into two layers, one
poor and the other rich in plasticizer. But; it should
be added, Wiirstlin used for his tests a polyvinyl
chloride that contained impurities, due to the
method of manufacture, so that electfically it
was less satisfactory.. .

The kinds of PVC behaving well in this respect,
such as “Podur”, have such little conductivity
that even after ten years no change is to be expected.
Following upon the American and German’ tests
already mentioned, we have carried out durability
tests with “Podur” wire. Neither under 600 V
direct voltage nor under 220 V alternating voltage
could any changes in the structure of the insu-
lating material be found even after long exposure,
a fact which would be expected considering the
high insulation resistance of this material. -

Not only the plasticizers but also the pigments
influence the resistance of PVC. Some of them may,
even in the small concentration of 0.5%, reduce
insulation by a factor of 10 or even as much as 100.

Figs. 3 and 4, relating to a particular case, give
an idea of the manner in which the specific resistance
of PVC depends upon the temperature and the
content of plasticizer. In fig. 3 a curve is added for
a good quality rubber, showing a temperature-
dependency similar to that of PVC but lying higher.
For almost all practical purposes however the
insulation resistance of PVC is more than ample.

The dielectric properties of PVCare typically

) F. Wiirstlih, Kunsts'toﬁ'technik 11, 269-272, 1941.
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those of a polar plastic. Particularly the polyvinyl
chloride molecules contain dipoles in large numbers,
viz. bonds of carbon and chlorine atoms. When the
PVC is exposed to an electric alternating field then,

o
10m’3|—
e

T

oL

10 G‘ [
0 10

Fig. 3. Specific resistance g of a flexible kind of PVC (PVC)
and of rubber (R) of comparable flexibility, as function of the
temperature .

owing to their limited mobility, the dipoles lag
behind the alternations in the direction of the
field (after-effect 8)). Corresponding to this lag is.
a phase shift 0 between the field strength and the
dielectric displacement, which means that losses
occur in the dielectric. :

In the simple case where thereis only one relaxation
time 7 to be reckoned with, it can be calculated that
tan 6 as a function of the frequency f of the alter-
nating field has a maximum at f = 1/(2#7). With
most materials, however, there are several relaxation
times, differing, moreover, in their dependency

8) See J. L. Snoek and F. K. du Pré, Several after-effect
phenomena and related losses in alternating fields, Philips
Techn, Rev. 8, 57-64, 1946, and M. Stel and E. C.
Witsenburg, Heating by high-frequency fields, II

- Capacitive heating, Philips Techn. Rev. 11, 232-240, 1950
(No. 8); in particular under “Nature of the dielectric
losses™. ! ..
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upon temperature. Circumstances may be such that
at one particular temperature, in a wide frequency
band, tan 6 changes but little, whereas at other
temperatures it shows one or more maximum
. values. And this is in'fact what is observed in the
case of PVC materials (fig. 5).

The graphs for the dielectric constant show

a less freakish picture, falling gradually with
increasing frequency and rising gradually as the
temperature rises (fig. 6).

07}

b

1
50 60 7 0%
¢ —wp 523

Fig. 4. Specific resistance g of a kind of PVC as function of
the plasticizer content p at 25 °C.

From figures 5 and 6 it follows that, generally

speaking, PVC is not suitable as an insulating ma-

terial in tuned circuits: tan & (in the order of 0.1)
and the relative dielectric constant (averaging

about 5) are both too high and too temperature-

dependent. Very little can be done about this by
~ choosing a different plasticizer, because the dielectric
losses are mainly due to the chlorine-carbon dipoles
of the polyvinyl chloride itself. These dipoles
are far more numerous than those of the plasti-
cizers to be considered, so that it would serve little
purpose to use a less polar plasticizer.

The dielectric strength ,(voltage gradient

'

L 4
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at which disruption takes place) has been plo;cted

in fig. 7 as a function of temperature. It is seen

that it becomes less with rising temperature and
that it is greater for direct voltage than for alter-

tand. )
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Fig. 5. Loss factor tan § of “Podur’ as function of the fre-

quency f at different temperdtures ¢ (20 - 80 °C).

nating voltage (even when reckoning with the peak
value of the alternating voltage).

Resistance to ageing, moisture and chemicals

The polyvinyl chloride molecule stands up well
against many anorganic acids, alkalies and salt
solutions. The molecule is moreover saturated,
that is to say it does not contain any double bonds
(contrary to rubber for instance). The latter feature
is favourable as regards durability but on the
other hand it means that polyvinyl chloride cannot
be vulcanized in the classical way,?).

?) By classical vulcanizing is to be understood the conversion
of double bonds into single ones, the free valencies being
used for forming cross bridges to neighbouring molecules

with the aid of sulphur. Vulcanizing réduces the thermo-

plasticity of the material,
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Fig. 6. Relative dielectric constant &, of “Podur” as function
of the frequency f at different temperatures ¢ (20 - 80 °C).
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Greater danger originates from the admixtures.

" Provided these are well chosen, however, PVC is
proof against oxygen and ozone in concentrations
which cause rubber to age very quickly. Under the
influence of ultra-violet rays there is some danger
of decomposition, but, as already stated, this can
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Fig. 7. Voltage gradient F' at which breakdown takes place
in “Podur”, as function of the temperature t. Curve 1 1s for
a direct voltage, curves 2 and 3 for an alternating voltage
of 50 ¢/s (2 gives the R.M.S. value, 3 the peak value of F).
At each test the gradient was raised to the breakdown
value in 20 seconds.

be counteracted by adding certain stabilizers.
The right choice of these substances depends
largely on the purity of the plasticizer and the
nature of the pigments.

In the introduction mention has been made of
the non-inflammability of PVC, a most lmportant
advantage compared with rubber.

Most plasticizers are esters and therefore saponi-
fiable (by saponification is understood here the
reformation of the alcohol and the acid used to
make up the ester). Saponification yields volatile
products with unfavourable electrical properties.
The rate at which it takes place differs widely
as between one plasticizer and another. Tricresyl
phosphate for instance saponifies very slowly, but
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PVC materials made with this plasticizer do not
stand up so well against light as those made with
phthalates.

Some organic substances cause more or less swelling in
PVC materials. After evaporation of the swelling agent the
material resumes its original shape and mechanical strength.
TUse is made of this phenomenon for covering objects with a
protective layer: an extruded tube of PVC is caused to swell
in acctone, which has a very strong swelling action, and then
passed over the object. After the swelling agent has been
evaporated the PVC tube shrinks tightly round the object and
forms a strong covering layer of good appearance.

A good quality PVC material stands up excellent-
ly against moisture. Long immersion in water or
burial in the ground has practically no effect
upon the electrical and mechanical properties,
as proved, for example, by the test mentioned in
the introduction where a cable after having been'
left in the ground twelve years was still in very good
condition.

This resistance to moisture does not mean
that PVC is impermeable to water. For a cable

consisting only of one or more cores and PVC

insulation the penetration of moisture — which
as a matter of fact takes place only to a very small
extent — is quite harmless. It is a different matter,
however, with a cable in which the cores are mutually
insulated with a hygroscopic material like paper;
the usual watertight lead sheathing may certainly
not be replaced off-hand by PVC.” Incidentally
it is to be noted that there are synthetic products
based on polyethylene or polyisobutylene which
are less pervious to water than PVC, but these
are beyond the scope of this article.

Mention should also be made of the fact that
PVC and copper do not react upon each other,
so that bare copper wire can quite safely be coated
with PVC; such is not the case with rubber, since
rubber and copper show a strong interaction,
which is the reason why they have to be separated,
for instance by using tinned copper wire. For the
sake of easy soldering, however, tinned copper
wire is sometimes used also with PVC insulation,
as in the case of {Podur” hook-up wire.

It has already been remarked that when PVC is
in contact with certain plastics, migration of the’
plasticizer is apt to take place. This may be harm-
ful both for the PVC and for the contacting material
(which of the two suffers most depends in the first
place upon the relative quantities). It occurs partic-

" ularly when PVC is in contact with polystyréne 1°)

10) Polystyrene is better known under various trade names,
such as “Distrene”, *“Lustrex”, “Lustron . “Styron
“Trolitul”’, ete.
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. and with cellulose nitrate, “especially with those

kinds of the latter which have a small molecular
weight, such.as the cellulosé nitrate used in the
lacquer with which metal lamp fixtures, wooden
radio cabinets and suchlike are sprayed. In unfa-

‘vourable cases it is not long before so much of the

plasticizer migrates as to cause the PVC to stick
to the lacquer, much to the detriment of its me-
chanical strength (“lacquer lifting” or
marring’’). )

The remedy against this migration is to use
plast1c1zers with heavier and thus less readily
displaceable molecules. It has been found, for in-

“stance, that polyesters are much less liable to

migrate than non-polymerized plasticizers.

. Table II glves comparative figures for the migration of
 different plasticizers ihto some plastics contacted with PVC.
It is seen thaﬁ an nnprovement with respect to one plastic
does not necessarlly mean an- rmprovement for others: trioctyl
phosphate, for instance, is’ very “little absorbed by polystyrene
but very much more so by cellulose nitrate.

Tal)le II. Comparatn/e figures for the m\gratlon of different’
plastlmzers frbm PVC into various plastics in contact
with it. The softeners are listed in the order of decreasing

S,

- ' Plastic in contact with PVU .
Plasticizer poly- | cellul. | cellul. ethyl ™~
- styrene | nitrate | acetate | cellulose
dibutyl sebacate 170 140 38 55
cresyldiphenylphosph.|| 168 253 | 16 . 41
dioctyl‘sebacate'_, 163 113 0 21"
benzylbutyl phthalate|{ 159 - | 158 | 18 19
tricresyl phosphate [| 105 | 154 3 0
dibutyl phthalate 91 162 4 50
dioctyl phthalate . 78 88 70 7
trioctyl phosphate - 43 270 18 19
polyester 3 | . 22 76 0
polyester 1 ' |1 14 51 5 0
polyester 2 . 0 121 .1 0

T

Further it should lle noted that there are alse

~ certain plastics — p‘é)lythene is’ an example —

which apparently do not absorb any plasticizer at
all from the PVC, at least not in any chemically

measurable quantity. And yet a gradual increase

of the dielectric losses proves ummistakably that
something does nevertheless happen. A -typical
example of this is found in the case of cables used
“in the beginning of radar techiique. These cables .
had a polythene dielectric and a protective coating
of “ordinary” .PVC (with hght plasticizers): It
was notxcéd that’ ilie losses in thesé cables were
getting greater “and: greater until ultunately they

,
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became prohibitive. This.evil was ' overcome by

‘changing over to cables coated with a PVC material

in which exclusively heavy plasticizers were. used.
What has been said above about the migration
of the plasticizer into plastics applies-in the main
also for migration into oil. Oil does not react upon
or dissolve the polyvinyl chloride itself, but in
course of time it extracts the plasticizers. *Again
with oil, a great improvement is obtained when
heavy plast1c1zers are used, such as polyesters, -
synthetic rubbers, ete. : .
~ Finally, a few words about the troplc proof
qualities of PVC materials. From their behaviour
with respect t6 "moisture, elevated temperature,
and ultra-violet rays, it can be concluded that the
+better kinds of PVC may indeed be said to be
tropic- proof. When _the thermoplastic properties
are not overlookéd and no cotton or rayon is used
for thé insulation — these textiles deteriorate
rapidly in the tropics — the use of PVC results in
an enormous advance compared with rubber, as
proved by the experlence gained w1th “Podur
in Indonesla : : B o
By way of illustrating the fact that the weak
points of PVC are by far outwelghed by its strong

" points, the case may be mentioned of ‘an American

factory where highly aggressive . substances are

\hed such - as caustic soda, hydrochloric ac1d

lorine and sulphuric acid. Sémeétimes 'also- very
h1gdl or very low temperatures prévall in this
factory, together Avith a- ‘high degree” ofw humdlty,
factors which can certamly not be. considered as -
favourable Yor the durability of anelectrical. iri
stallation. Thé. cables'in this factory are laid in
channels in the\;oncrete floors. They aré ‘mostly
insulated with PVC, but,: owing to this material
being rather scarce at'the’ time, some of the cablés
were insulated with rlh)ber Within . a _year.. the
rubber cables started: to \c‘ause trouble, so. much-
so in fact that they had to be r'ePlaced But the PVC
cables have shown ne defects whatever even after
three years. .

Coatmg wire with PVC

‘e

It has already heen described how PVC is.ob- .
tained in the form-of chips or.strands: for feedmg

into the wire-coating machines. These machines,

like those which produce the strands, are based
on .the principle of extrusion. ~A.cross-sectional
diagram: of such a w1re-c0atmg taachine is’ given
in fig: 8..A 'worm rotating in’ a heated cylinder
conveys the PYC from the feeder to: thé crosshead

R
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On its way the material is gradually heated, so
that upon reaching the crosshead it is in a plastic
state. Inside the crosshead it passes round a hollow
pin called the mandrel or torpedo, through which
the wire to be coated (bare or tinned copper wire)
is drawn. The point of the mandrel reaches just
into the die or outlet of the crosshead, where the
coating takes place. By means of set screws the
mandrel can be placed exactly concentric with
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Fig. 8. Sectional diagram of a wire-coating machine. I filler,
2 drum carrying the chips of PVC to the conveyor worm 3,
4 channels containing heating elements, 5 crosshead (with
mandrel 6, filter plate 7, centering pins 8 and die 9). 10 bare
wire, 11 insulated conductor.

respect to the die, so as to ensure that the insulating
layer is of the same thickness all round. Fig. 9
is a photograph of one of these machines.

Careful attention has to be paid to the tem-
perature variation of the PVC in this machine.
If temperature is too low the surface of the insulated
wire is rough and the material no longer passes the
heat shock test described below. If the temperature
is too high then again the wire is not of good ap-
pearance and, moreover, there is a risk of decompo-
sition. Decomposition also arises in dead corners
‘where the material is exposed to a rather high
temperature for some length of time, so that it is
of great importance that there should be no such
dead corners where the PVC can stagnate.

The coated wire has to be tested for eccen-
tricity. For those kinds of wire where a slight
eccentricity does no harm it is specified that the
breakdown strength must nowhere drop below a
certain limit. In the testing machine the wire is
passed at a high speed through a salt solution,
with a high potential difference (say 6000 V)
between the bath and the core. As soon as a break-
down takes place the testing machine is automatic-
ally stopped, this being done so quickly that the
defective spot on the wire can easily be traced
before having reached the take-up reel.
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Wire intended for telephone cables needs a
sharper test. The slightest eccentricity causes
capacitive asymmetries in the cable, which result
in cross talk. For the testing of these wires an
apparatus has been devised through which the
wire is passed as it comes straight from the coating
machine and in which the slightest eccentricity
is immediately detected, this then being corrected
at once by means of the mandrel-adjusting screws,
without having to stop the coating machine.
This is a great advantage, because the manufacture
can continue without interruption. When the
machine had to be stopped, as was the case with
the testing method formerly applied, there was
a danger of decomposition of the PVC owing to
its being left too long in the machine at a high tem-
perature; once that process had begun it tended
to spread through the mix, thus very soon making
it necessary to give the whole of the machine a
thorough clean-out.

Tests to which the coated wire is further sub-
jected will be dealt with in the next section of this
article.

When no bare wire is fed through the crosshead
and the mandrel is advanced so as to protrude a
little beyond the die then, as is quite obvious, the
machine produces PVC 1iubing. Sleeving for
mounting purposes is made in this way.

Types of “Podur” products

Without any attempt at giving such complete
details as may be found in a catalogue, a description
is given of the most important “Podur” products,
with their fields of application and the main
requirements that have to be satisfied in each
particular case.

Connecting wire and flex

In its simplest form “Podur” connecting wire
(including hook-up and applicance wire) consists
of tinned copper wire with a single insulating layer
of PVC. A coating 0.4 to 0.6 mm thick suffices in
order to meet all the requirements specified by
Philips Material Testing Department for wire
carrying voltages up to 1000 V A.C. or 1500 V D.C.
It would lead us too far afield to go into all these
requirements, but two of them may well be men-
tioned here:

1. After 24 hours immersion in water at 20 °C
a) the breakdown voltage, measured in mercury
must be higher than 7000 V A.C. (R.M.S. value)
(actually it lies around 20,000 V), and
b) the insulation resistance of 1 metre of wire
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at 20 °C must exceed 100 megohms and 1
megohm at 70 °C.

2. After two hours in an oven at 140 °C the insu-
lation must not show any cracks and the
breakdown voltage at 20 °C must be higher
than 7000 V A.C.

This second requirement might lead to the wrong
conclusion that this wire can be used also at a
temperature of 140 °C. Although the properties
of PVC are unchanged after it has cooled down
again to room temperature, a high working
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In order to investigate this question we constructed
a simple device with which bending tests can be
carried out in a reproducible manner and at differ-
ent temperatures. These tests show that if it is
required that the insulation should not break hefore
the copper core itself, wire with d = 1.0 mm and
insulated with hard “Podur” may only be used
for mounting at tempecratures above 10 °C, and
that wire with d =< 1.8 mm and insulated with
moderately soft “Podur” can still be used below a
temperature of 0 °C.

Fig. 9. Photograph of a wire-coating machine fed with a strand of PVC (1) instead of chips.
2 the bare wire, 3 the PVC-insulated wire, which is cooled in 4. 5 are the temperature
control instruments.

temperature is not permissible because then the
PVC gets soft and it needs but little force to remove
it from the wire. The heat-shock test specified is
intended only as a test for the extrusion; if the
extrusion is not carried out under exactly the
correct conditions stresses arise in the PVC and
when the heat-shock test is applied these stresses
cause cracking.

The connecting wire is intended for fixed elec-
trical connections inside electrical apparatus. If
there is a possibility of the wire having to be
mounted at a low ambient temperature it is not
wise to use the hardest kind of “Podur”, because
in time the insulation is apt to break as a result
of the repeated bending to and fro. The lowest
temperature at which the wire can be used without
this risk arising depends not only upon the kind
of “Podur” but also upon the core diameter d.

Where a flexible connection is required in
an apparatus preference should be given to
mounting flex with a stranded core consisting
of a number of soft, tinned copper wires. One
example of the use of such a flex which might be
mentioned here is the illumination of Christmas
trees, for which purpose the PVC-insulated flex
is ideal, because it is non-inflammable, is more
durable than rubber (so that it can be used for
a great many years), is quite safe as regards dielec-
tric strength (breakdown voltage >>1000 V A.C.)
and can be made in a suitable colour; usually it
is green, but sometimes preference is given to
transparent PVC flexes.

In addition to the single-core flex, flexes are also
made with two insulated cores twisted together.
Both the single- and the twin-core flex can be screen-
ed with a copper wire braiding, with or without
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an outer sheathing of flexible “Podur”. These
constructions, however, are not suitable for high
frequencies.

Connecting wire is also made with “Podur”
insulation thicker than 0.5 mm, say with a thick-
ness of 1.6 mm, which is suitable for working
voltages up to 6000 V A.C. or 10,000 V D.C.

With all these kinds of mounting wire and flex,
if there is any chance of a high temperature being
reached, care must be taken to avoid the possibility
of any force being brought to bear upon the wire
as this would be likely to push the insulation away.

Insulating sleeving

“Podur” sleeving answers the American speci-
fications (American Society for Testing Materials,
D 876 and D 922) as regards insulation resistance,
dielectric strength, breaking stress, tensile strength,
resistance against oil and ageing, while it also just
answers the “penetration™ test, which requires
that the thermoplasticity must not be so great that
above a certain temperature and at a given pressure
the core would be exposed.

In cases where it is difficult to avoid conditions
whereby the insulating material might be pushed
away it is often possible to make allowance for this
by using a thicker coating or a harder kind of PYC.

“Parallel connecting flex”

For the connecting leads of radio sets, reading
lamps, etc. flexes are made with two parallel cores
(not intertwisted). This parallel-core connecting
flex is available in various colours, offering a choice
of shades matching any surroundings.

A special type of this kind of flex has been made
for the “Philishave” dry-shaver (fig. 10), which has
to be very flexible to stand up against the daily
rolling up and unrolling, whilst moreover, since
it is frequently in contact with the hands, the in-
sulation has to answer very high requirements.
It is required, for instance, that after 48 hours in
an atmosphere of 949, relative humidity the in-
sulation resistance of 1 metre of each core at 20 °C
has to be greater than 100 megohms, and after
48 hours immersion in water the breakdown voltage
between cores has to be higher than 5000 V A.C.
(the permissible working voltage is 500 V A.C. or
750 V D.C.). The measured insulation resistance
of 1 metre is about 2000 megohms. The condition
specified in Switzerland, that the leakage cyrrent
of 2 metres of cable in water of 50 °C to which an
A.C. voltage of 500 V is applied must be less than
0.5 mA, is amply satisfied. (This requirement was
based on the consideration that a current of 5 mA
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passing through the human body may cause such
cramp as to make it impossible to release the grip
on the cable, and that the first symptoms of shock
occur at a current of 1.7 mA peak value.)

Fig. 10. “Podur’-insulated flex for the “Philishave” dry-shaver.

Flex (or cable) with two or more intertwisted cores

Flexes or cables with 2, 3, 4, 7, 12 or 19 inter-
twisted cores, with core diameters varying between
0.75 and 6 mm?2, are manufactured for all sorts of
purposes.

Not only the cable as a whole but also each in-
dividual core has to satisfy certain demands as
regards insulation resistance, breakdown voltage
and loss angle. With separately tested and approved
cores it has been possible io build up highly de-
pendable cables, only the cores themselves having
to be rejected where necessary.

If necessary these cables can be supplied with
a shielding and a PVC outer sheath.

High-tension cable for television tubes

A thin cable was required for a television re-
ceiver 11), for connecting the cathode ray tube to
the supply unit delivering an anode voltage of
25 kV. It was specified that this cable had to
withstand a D.C. voltage of 40 kV for two minutes
at 65 °C and that a length of 1 metre should show an
insulation resistance of more than 1000 megohms.
The insulating material has to be resistant to oil
(the parts of the supply unit are contained in a
can filled with oil) and it has to make a seal tight

1) G. J. Siezen and F. Kerkhof, Projection-television
receiver, III. The 25 kV anode voltage supply unit, Philips
Techn. Rev. 10, 125-134, 1948.
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enough to prevent oil leaking out between the core
and the insulation. These requirements have been
met by making a cable ( fig. 11) with a thick coating
of “Podur” of a kind specially prepared for the
purpose (outer diameter 4.4 to 4.7 mm). The in-
gredients for the mixture and the manner of pro-
cessing have to be carefully tested.

Telephone cable

Telephone cables (not intended to be laid under-
ground) are being made with 3 to 37 groups of cores,
each group consisting of two, three or four conduc-
tors. Each core is insulated with “Podur” in differ-
ent colours (red, blue, yellow, green, black and
white) according to a specified colour scheme. The
intertwisted cores are sheathed with grey “Podur”.

Since it would be impracticable to give such large
numbers of cores each a different colour, two or
more colours are used per core. The additional
colours are printed on in the form of helical lines
round the core, for which a special machine has
been designed.

Mention has already been made of the precision
with which the core is centered in the insulation
in the manufacture of the coated wires. The slight-

52260

Fig. 11. Anode supply unit for supplying 25 kV anode voltage
to the cathode ray tube of a television receiver. On the left
the “Podur’-insulated cable connecting up to ‘the cathode
ray tube.

talk. The
finished cable is likewise tested for such tendency

(fig. 12).

As regards the other inspection tests, briefly

est eccentricity gives rise to cross

these amount to an insulation resistance for

1 metre of cable exceeding 10* megohms and a
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Fig. 12. Measuring the cross-talk damping between the pairs
of conductors in a telephone cable. A certain voltage supplied
by the generator (left) is applied to one pair of conductors.
The resulting voltage on other pairs is measured (right)
and must not exceed a certain value. Measurements are taken
at different frequencies (100 to 500 kc/s).

capacitance less than 100 pF/m at 25 °C between
the two wires of each pair.

Microphone flex for telephones

The flex used for connecting the microphone to
the other parts of a telephone has to be particularly
flexible and must withstand bending a large number
of times.

With a view to obtaining the desired flexibility,
so-called tinsel is used (a thin strip of copper
wound round a thread of artificial silk), and for
the insulation of the wires an exceptiona'ly flexible
kind of PVC (red and blue, yellow and green for
the different cores, which are four, three or two
in number). Notwithstanding its great flexibility,
the insulation resistance of this cable, per metre,
still exceeds 100 megohms as tested at 20 °C and
after 6 hours at 909, humidity.

The cores are intertwisted and braided with cord.
The breakdown voltage between the cores has to
be higher than 1000 V, and after the flex has been
bent to and fro 6000 times there must not be any
“crackling™.

Microphone flex for amplifiers

“Podur” microphone flex has two or four con-
ductors, which, since resistance is of no importance,
may be thin (0.3 mm in diameter; they are made of
cadmium-copper for strength). The cores are separ-
ately insulated with PVC, intertwisted, screened
and once more insulated with a sheathing of PVC.
This cable is tested for insulation resistance, screen-
ing of the cores and microphony (the occurrence
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"of potential differences in the cable due to bending
or twisting). -

Flex for hearing aids

Modern hearing aids consist of a small box

containing a microphone, amplifier, and batteries -

and a minjature telephone worn in the ear. They
are usually required to be as irconspicuous as
-possible. ,

The flex connecting the telephone to the amplifier
has been made inconspicuous by using a very thin
coating of a colourless, transparent PVC, with an

- outer, diameter of no more than 1.6 to 1.7 mm.

It has two very flexible conductors (“tinsel’’).
Owing to the small dimensions — calling for the
utmost precision in manufacture — and the high
flexibility of the PVC, a very flexible lead has been
obtained which causes no.inconvenience whatever
to the wearer of the hearing aid. '
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This summary must suffice for the present. It
is hoped that it has sufficiently proved that PVC
insulating material has already acquired a position
in many fields. '

Summary. Following upon a discussion of the components |,
used for preparing wire-insulating materials based on the
synthetic resin polyvinyl chloride, some of the properties
of these materials are dealt with under the headings of mechan-
ical properties, electrical properties and resistance to moisture,
chemicals, etc. Some of these properties are superior to .
those of rubber (i.e. non-inflammability, abrasion resistance,
resistance to chemicals and ultra-violet rays), while others
closely approximate them (insulation resistance). Attention
is drawn to certain points that have to be watched when using
insulating materials, such as thermo-plasticity. An account
is given of the extrusion process, by means of which wire is
coated with polyvinyl chloride insulation. In conclusion a
brief description is given of the principal types of wires with
polyvinyl chloride insulation (“Podur”) marketed by Pope’s
Wire and Lamp Works at Venlo (Holland): connecting wire
and flex, various special flexes, high-tension cable, telephone
table, microphone flex, ete.
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INACTIVATION OF BACTERIA BY ULTRA-VIOLET RADIATION

by J. VOOGD

621.327.3:613.165.6:

and J. DAAMS. 614.7-084.48:664

Radiation from the sun has different effects upon living organisms. It has been found,
for instance, that ulira-violet rays of a certain wavelength present in the radiation from the
sun stop the multiplication of bacteria and other micro-organisms. Good use can be made of
this, without having to depend upon sunlight, by employing a low-pressure, mercury-vapour
lamp emitting rays which have a specifically disinfecting power exceeding by far that of sun-
light. This lamp presents good possibilities for the solution of some problems of hygiene and
for the sterilisation in processing foodstuffs and medicaments.

The fact that millions of pounds worth of foodstuffs are spoiled every year through bacterial
action shows how important it is that the growth of these micro-organisms should be checked

also in this field.

The influence of sunlight upon baeteria

In the year 1877 the Englishmen Downes
and Blount made a discovery of great value for
the existence of the human race. They found that
micro-organisms cease to multiply when exposed
to radiation from the sun for a sufficient length
of time. The effect of such exposure can be
demonstrated by a simple experiment, the result
of which is represented in fig. 1, where we see a
so-called Petri dish, such as is commonly used by
bacteriologists. First a culture medium particularly
suitable for making the growth of Bacterium
coli visible was placed in this dish. Where the
bacteria colonise this culture medium assumes a
deep red colour owing to the formation of fuchsin,
but where there is no growth of the bacteria it
remains clear., A suspension of coli bacteria was
seeded all over the surface of the medium in this
circular dish. The left half was then exposed for
one hour to direct sunlight falling upon it at an
angle from the left, whilst the right half was covered
with a screen intercepting the ultra-violet r