R

VOL.'8, No. 1 |

: PHILIPS TECHNICAL REVIEW :
. "'4 AT _‘x-_ .."‘ . . '
SINTERED GLASS.: . .. -
by E. G. DORGELO.,, 666.189.4 )

+
2

In the manufacture of certain articles in which many metal, parts (e.g. leading-in
wires) must be fused into glass close to each other, it is sometimes impossible, due to the
. too low fluidity of the molten glass, .to force the drop of glass between the metal parts
*". In such a case glass in powder form can be used, and this can be introduced between the
« - - mietal parts before fusing.~The glass ‘obtained after fusing, which is not completely clear,
is called sintered glass, and-contains many very small air bubbles. In this article various
" properties and possxbllmes of this glass are dlscussed ' .

- . . DU

.In the manufacture of incandescent lamps, elec-
tronic ‘and gas-discharge tubes different special
kinds of glass are used, which must satisfy certain
requirements for each type.of valve or lamp, and
therefore may .differ very much from each: other.
A kind of glass whose' properties and constructive
pos31b1htles are particularly favourable for one

- type may be quite unsuitable for ‘another ‘type.

For- the development of a new lamp or wvalve,
therefore, the possihilities offered by different
kinds of glass should be subjected to an extensive

‘_mvest1gat10n If the existing kinds of glass are

unsuitable for the application in view, an attempt
is made-to find a new and ‘better kind of glass. In
the case of dlﬁ'erent types of valves the progress of
thelr development depended almost excluswely

'on ‘the manufacture of a. su1table new kind of, glass

»One example is the sodlum lamp covered on the

inside thh borate glass 1), “which’ is res1stant “to -

sodlum vapour, further the thh-pressure and super
hlgh-pressure mercury lamps, ‘where it was neces-
sary to find types of glass for the covering of the

~ metal leads through the quartz ?), In the develop-

ment of transmitting valves for very short waves’

use was also, successfully made of speclal new kmds

v
‘,,

of glass, the electrolysis- free glasses 3) e .
Whlle in the examples mentioned heré’ the Hew

., glasses are distinguished from the, older. ones ‘by.

their chemical coposition, in the case of “powder
glass” an attempt has been’ made to create new
possibilities by a modification in the physical str uc-

ture. The stimulus for this attempt lay in a d1fﬁculty,
" which occurs in the manufacture of articles in
“which’ man'y mctal parts (for example leading-in

wires) must be fused into glass close to each other.

. The liquid glass must then be forced between the -
- metal parts, and the method fails when the spaces

between are so small that'a drop of moltén glass,
even under high external pressure, cannot penetrate

1) Philips techn. Rev. 2, 87, ~1937.
2) Philips techn. Rev. 3 119 1938.

" %) Philips techn. Rev. 6, 255, 1941, .

‘every kind of glass; mcludlng the kmds which are

: 4
: glass powder fills- up: the spaces well, between the” . (
|

1

sufficiently far into them, perhaps because of the
fact that cooling takes place too rapidly asa con-
sequence of the heat conduction through the metal
parts. This dlfﬁculty can bé overcome if, before

‘the fusing in, the glass in fine powder form is -

1ntroduced dn'ectl)r into the’ space where it belongs, . 4
the ‘whole then - being heated t6 a temperature -
at wh1ch the glass melts The structure of the"
somewhat turb1d smtered glass wb1ch i$ obtained
upon fusmg the powder is* not homogeneous, it
contains nunierous “very small gas -oF “air « ‘bubbles -
which more or less modify the different properties ~ -
of the glass In general these changes_ are'not of = ¢
prime importance. Nevertheless, they may some- - o
times make possible constructions which are. 1mpos~ .
sible with normal glass. Examples of such cases
where preference is g1ven to powder glass wﬂl be
given later in this paper. L
Sintered glass offers great. advantages in the
manufacture of valves and lamps for experimental
purposes, due to the rapid and simple manner in
which almost any desired lamp base can be made.’
Metal leads can be fused in at the same time that’
the base is made, while the process can be used for-

-

very difficult to soften.

. R B e . :.. :
The employmeni; of sintered glass’ o V

a-

‘The raw material, powdered glass, is obtained ", .
by grinding up pieces of glass. This powder is cast’ ~
in a mould in which the metal parts to be fused
in are already present. | Care- must be taken that the, .. =

metal’ parts After covering the mould the: whole is ¢
heated: “to:a temperature at whlch the glass i is very st
fluid, so that only shght pressure 1s enough to ﬁll f
even’ the smallest cavities.' 5
: The coefﬁclent of expansion of the mate "alm’df S
the mould ‘must be adapted in a certain way | to. .
that of the glass. The wall of the mould must not
clamp the sohdlﬁed ‘glass ‘article;’ the coefﬁclent L 1

-
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of expansion of the material of the wall of the mould
must therefore be smaller than that of the glass.
The bottom of the mould (which is separate from
the wall) must, on the other hand, have by prefe-
rence the same coefficient of expansion as the glass,
since otherwise there is a danger that, upon cooling,
any leads and the like which are fastened into the
bottom will be bent. A mould which possesses the
properties mentioned is shown in fig. I.

Besides lead-pins, differently shaped objects
can also be fused in, for instance metal strips,
tubes, nuts, etc. ( fig. 2). The number of pins, the
distances between them and their grouping is
subject to practically no limitations when sintered

45580

Fig.

o

1. Mould of metal with separate bottom and cover.

glass is employed. Fig. 3 illustrates the great
variety possible.

Furthermore it may be pointed out that simul-
taneously with the fusing-in of leads in a lamp or
valve base the glass envelope can also be welded on.
This envelope is then placed in the mould before
the fusing of the powder glass base; the upper part
of the mould must then be removed. In this way
the separate welding process is eliminated. This
process is, of course, subjcct to the restriction that
it can only be applied in those cases where the
electrodes inside the envelope arve resistant to the
heat radiation of the glowing mould. The tubes
and bases shown in the photographs fig. 4 are
made in this way. It is obvious that other glass parts,
such as an exhaust tube, can be welded in simul-
taneously with the fusing of the valve or lamp base
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Fig. 2. Fused-in metal tubes and strips in powder-glass
bases for valves.

SINTERED GLASS 3

(fig- 5). To prevent the exhaust tube from collap-
sing during the fusion, it is previously sealed at the
bottom and filled with fine sand, which is shaken
out after the fusion.

Fig. 3. The leads can be fused-in through sintered glass bases
in almost any number and arrangement.

A special manner of fusing in, which is impossible
with glass envelopes, can be applied to metal enve-
lopes by strongly heating the edge of the metal
envelope and then pressing it into the likewise
previously heated sintered glass base. The pro-
jecting edge can be removed later. In this way it is
possible, for example, to fasten lead-glass discs
into an iron can. Because of the fact that the coef-
ficient of expansion of the iron is larger than that
of the glass, the iron upon cooling is clamped around
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Fig. 4. Envelope and
pinches, the powder-glass
bases of which are welded
to the envelopes at the
same time that the powdered
glass is fused.

the glass, giving a very reliable connection 4).
Nor is it of importance in this method whether the
cross section of the envelope is a true circle.

Properties of powder glass

1) Specific weight

The circumstance that there is a very large
number of small gas bubbles in sintered glass

affects different properties; it is clear that for
example the specific weight is smaller than that of

%) In principle this method of fusing-in is also possible with
discs of clear glass.
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the original glass. The decrease depends upon the
size and the number of bubbles and is usually of the
order of magnitude of 5 to 10 percent; with very
fine powder the decrease is greater. The diameter of
the bubbles usually lies between 10 and 50 .
The number of bubbles per mm? amounts to several
thousands.

2) Electrical properties

When a block of powder glass is situated in an
electric field the field strength in the glass will be

s,
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homogeneous glass (4, ¢ and tan ). Thus if

volume of all air bubbles

p

total volume -

we find that:
L 2—2p i 3 ;

¢ 2&e+4+1—2p (e—1)
2e+1+p (e—1)°
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Fig. 5. Exhaust tubes can be welded in simuitaneously with the fusing of the lamp or valve base.

much smaller than in the gas or air bubbles, as a
result of the very different dielectric constants
(glass: approx. 7, air: 1). The field is thus concen-
trated in the bubbles.

If we consider a piece of clear glass with only a
few large air bubbles, the field concentration in
these bubbles may be so high that the enclosed gas
becomes ionized, which may lead to complete
breakdown. Glass for high-voltage apparatus (X-ray
tubes, for example) must thus satisfy the require-
ment of being free of bubbles to a high degree.

The situation becomes quite different when the
air in the glass is divided into ‘'very many small
bubbles. The potential difference between the
boundary surface is then uniformly distributed
over the numerous intermediate gas bubbles, so
that the potential difference per gas bubble is so
low that danger of ionization is out of the question.
With powder glass indeed values of the breakdown
voltage are found which are just as high as those
measured on glass which is free of bubbles.

The electrical field in a medium in which there are
globular gas bubbles can be calculated °). Different
electrical constants of powder glass, such as the
electrical conductivity A’, the dielectric constant &’
and the angle of loss, determined by tan ¢’, can
be calculated from the corresponding values for the

5) K. W. Wagner, Archiv fiir Elektrotechnik, 2, 382, 1914.

which, e.g. when ¢

" 5—4p 0

o T 2
e  5+2p EhE )
tan &’ 2 (5—3p) 3

~ ~ 1— wi o+ (3
tand  10-3p P B

The formulae are valid only when p <€ 1. In
order to obtain an impression of the influence which
the air bubbles have on the constants mentioned
we substitute p = 0.1. Then 1’/ = 0.85, &'/e
0.88 and tg o¢'/tg 6 = 0.98.

A further lowering of the values of ¢ and 7’
can thus be obtained by distributing much air
among many small bubbles. For this purpose it is
necessary to start with very fine powder and during
the fusion the temperature must be raised very
rapidly to prevent the escape or flowing together
of the air bubbles. By the addition of substances
which give off gas the percentage can be very much
increased, which, however, involves a lowering of
the strength of the glass.

3) Thermal properties

The heat conduction in sintered glass shows
almost the same variation with p as the electrical
conductivity (see formula 1). The heat conductivity
of powder glass is thus somewhat less than that of
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clear glass of the same composition. It is sometimes
necessary to take special precautions in fusing
because of this fact.

The coefficient of expansion of powder glass is
the same as that of normal glass; the coefficient
of expansion is not changed by the presence of air
bubbles, which is a result of the well-known fact
that a hollow body expands as if it were massive.

4) Tensions

Objects built up of more than one different
material with different coefficients of expansion
are not in general free of mechanical tensions at
every temperature. This holds also for the welding
together of two kinds of glass and for the intro-
duction of a metal lead through glass. The occur-
rence of tensions in a glass object often leads to
breakage and therefore methods have been de-
veloped for the checking of this. The tensions make
the glass optically anisotropic and give rise to
phenomena of double refraction, which can for
instance be made visible with a polarization
apparatus.

In this investigation of tensiens it has now been
found to the advantage of sintered glass that in
objects manufactured with the help of this glass
fewer mechanical tensions occur than in ordinary
clear glass. This can be demonstrated by fusing
together in pairs discs of different kinds of glass.
When the discs fused together consist of powder
glass smaller tensions appear after cooling than
when the two discs are composed of the corres-
ponding kinds of clear glass.

The explanation of this phenomenon is probably
as follows. Since the solidification is accompanied
by a decrease in volume, tensions will appear in
the glass which are smaller the better the still
soft glass is able to accommodate itself.

Now this is more easily possible in sintered glass

than in clear glass of the same composition. If

there is a large number of gas bubbles in the glass,
as long as the surrounding glass is still somewhat
soft they can compensate the volume decrease
of the solidifying glass by expanding. This con-
ception is thus based upon the fact that some parts
of the piece of work become solid before the rest. This
phenomenon often plays a part when metal compo-
nents are fused in.

Completely homogeneous objects can also be
made free of tension when normal glass is used by
taking care that they are cooled very slowly.
One of the advantages of sintered glass is that
there is no objection to the cooling taking place

more rapidly.
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Applications

One of the chief applications of powder glass is in
lamps and tubes for experimental purposes. How-
ever, it also oflers a number of advantages for
other applications which in many cases are impor-
tant. In the following we shall mention several
of them.

1y In tubes with complicated electrode systems

As already mentioned, the glass can be introduced
into the mould in the form of finely divided powder
so that it can easily fill all the small cavities. Com-
plicated pieces of work, such as lamp bases with
very many leading-in wires or with leads very
close to each other can be made of powder glass
without much trouble (see fig. 3). The freedom of
choice in distance between the leads makes it
possible to place them in such positions that the
simplest and most logical assembly of the elecirode

Fig. 6. Electrodes of a transmitting valve for short waves
assembled directly on the powder-glass base.

svstem is achieved. Thus in fig. 6 may be seen the
grid-cathode part of a short-wave transmitting
valve, in which the two electrodes are welded
directly to the leads. These leads form two concen-
tric circles with diameters corresponding to those
of the cathode and grid. Such a construction excels
in simplicity and sturdiness, while the slightness
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of the self-induction of the lead elements makes
possible a satisfactory functioning on short waves.
In extreme cases, in order to keep the selfinduction
as low as possible, it is possible to lead the electrode
itself through the glass. Three examples are shown
in fig. 7 (see also fig. 2).

In the left-hand valve there are two electrodes
bent in a U-shape which pass through the glass
base while retaining their cross section. The self-
induction of the lead part is very small here. At the
same time good cooling is hereby ohtained. In the
case of the middle valve a shielding plate separating
the two parts of the valve is ied through the base.
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Fig. 7. Several transmitting valves for very
are fused into the base.

The right hand valve of fig. 7 contains two leads in
the form of strips which together form a Lecher
system. Experience has shown that with clear
glass and the ordinary pressing technique such
constructions are only made reliable with difficulty.
It is difficult to obtain a satisfactory distribution
of the drops of glass. At the edges of the metal
also the tensions are often too high, so that the
valve cracks at that spot.

in the case of powder glass the first difficulty is
non-existent, while less hindrance is experienced
from the second.

2) Crowded constructions

Such constructions often result in high tempe-
ratures of the glass wall. Itis then necessary to have
recourse to glass with a high softening point. Normal
boro-silicate glasses with a softening point of
500-600° C are often too soft or are too poor
insulators at the high operating temperatures,
so that harder glasses must he used. As a
rule these glasses cannot be pressed into narrow
interstices in the ordinary way. Before the
necessary pressure is reached the drop of glass
has cooled off too far. The pressing in of metal
parts directly is even more difficult. Due to
the fact that pressing is unnecessary in powder
technique, high requirements need not be made of

VOL. 8, No. 1

the mould, and it can be heated to such a high
temperature that even a very hard glass still
becomes sufficiently fluid. It has hereby become
possible to make lamp bases of kinds of glass, such
as the so-called electrolysis-free glass, which could
not formerly be so used and this again has opened
the possibility of constructing new types of valves,
especially in the field of transmitter valves for
decimetre waves.

3) Connecting seals

It is possible to fill the mould with layers of
powdered glass having different properties, and

45588

short waves in which the electrodes themselves

then to fuse the whole. By choosing powdered
glasses of gradually increasing coefficients of
expansion graded seals can be made, i.e. tubular
parts which at one end can be fused to a glass
with a high coefficient of expansion and at the
other to a glass with a low coefficient of expansion.

Another possibility offered is that the base of a
valve which is to contain the vapour of an alkali
metal can be protected by a thin layer of resistant
glass. It is well known that most kinds of glass are
very severely attacked by such vapours. In the
case of glasses containing lead for example such a
strong reduction takes place that the glass turns
black, due to the liberated lead. Now by first
scattering powdered lead glass in the mould and
over it a thin layer of borate glass, a protecting
layer is formed. Borate glass is not attacked; it
cannot, however, be used alone, since the tempe-
rature interval in which softening takes place is
particularly short. A variant on the foregoing
is the use of glasses of different colour, by which
means all kinds of indications can be introduced
on the object.

4) Rapid fusing-in and cooling

Notwithstanding the fact that the conduction
of heat in sintered glass is smaller than in the
corresponding clear glass, it appears in heating
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that with - sintered glass without many'precantions',
a more equal heating' through the whole object is
obtained. Probably the numerous gas bubblespresent.
" in sintered glass ensure that during the heating
‘the radiation of heat is strongly dissipated. One
 result of this is that the so-called pre-heating which
precedes the fusing of a'lamp base to the envelope

SINTERED GLASS ...~~~ “- 1

- . . 0 . . . - o, . “ . ¢ )
can 'take place quite ‘rapidly without cracking - . -
the tube. It is clear that this is of great importance

_in mass productlon The annealing also can in most
cases proceed quite rapidly due to the previously

mentioned great elasticity of the still not completely
solidified powder glass, so that the occurrence of

. large tenslons is combated.

S

| ' 50 YEARS X-RAYS .

= el ~In November 1895 Wllhelm Conrad Rontgen, professor at the : » N
R o umverslty of Wiirzburg, made his first observations on X-rays, his L
: publication is dated December 27th 1895 and entitled: “On a new Kind * S o

of Rays”, and it was a communication to the “Wurzburger med1z1msch-' LTy
physikalischen Gesellschaft” (1895, p. 137—141). - T ' ' Ry
Now, 50 years afterwards, the whole world is going to commemorate
this important contribution to our present day sc1ent1ﬁc mslght — and to -
. our medical and physical instruments. .
: To look backward on the road achieved during these 50 years is 1ndeed .
s worth while. There the interaction is reflected which took place between the
‘ various developing branches of science and technique, and it is possible
to find there how ag. amazing quantity of work has given life to a series of -
most important practical applications of X-rays. These are too well known
‘to- be summed up here, but they engendered ‘too, a great array of very
elaborate apparatus. The Philips’ Factories and Laboratories have also :
. had their part in this development. Here it may . suffice to refer to the - ’ L
38 publications which appeared in the first seven years of this perlodlcal' ’ ’
on the subject of X-rays and their applications: 9 of these articles- dealt
r . _ " with X-ray tubes and X-ray apparatus; 21 on apphcauons and 8on ’
‘ RN ~ the methods usedlnthese applications. In this number, foo, with which the -
¢ ' ' ’ Phlhps ‘Technical Review re-enters the world, after the forced interruption
during the German occupation, the reader will find a description of an
X-ray apparatus which in many respects is representative of the ideas
and methods which have developed in the domain of X-rays..
In the ;1946 volume of this journal we "hope to find from our X-ray
: Department still more contrlbutlons on the development of special tubes,
P S ©+* . apparatas and methods “of “reséarch.” Thus the great discovery of
W . o+ - W.GC Réntgen 50 years ago will be given .worthy commemoration.

I
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"AN X- RAY APPARATUS FOR CONTACT THERAPY

by H. A. G. HAZEU, J. M. LEDEBOER and J. H. v.d. TUUK.- 261.386.1: 615,349

In the X-ray trcatment of tumours on the surface of the skin it is desirable, in order to
spare the underlymg healthy tissue, that the radiation intensity should decrease rapidly
- with incregsing depth below the skin. In order to realize this it is Recessary that the distance R
betwecn the source of X-rays and the skin should not be too large (often there exists
" immediate contact between X-ray tube and the skin, hence the name contact
therapy) and the X-ray tube should possess only 2 shght ““own ‘filter”. In order to
satisfy these and other requ.lrements connected with medical practice, the tube of the
Philips contact therapy apparatus is so constructed that the X-radiation leaves the tube - . .
through an opening in the earthed cathode. This construction is described in detail in the . .o
following paper; it permits an irradiation from a distance of 18 mm of the focus with a -
filter equivalent to only 0.2 mm of aluminium. The tube is fed with 50 kv DC voltage at a
current of 2 mA and possesses forced air cooling. The X-ray intensity on the skin is so high
that an irradiation time of a few minutes is usually sufficient. This type of therapy is
thereby made accessible to a much’ wider circle of patlents than is possrble with radium

-

treatment.

Depth l:herapy and surface therapy

The treatment of tumours with radium or X-rays
depends upon the fact that the affected tissue is
attacked by these rays and if a sufficient dose

is administered this tissue will . die off. However,

the healthy tissue around the tumour is, also
more or less exposed to the X-rays and attacked
by them. If this im;)airment is too severe, the healing

of the diseased tissue can’be retarded or even pre- .
* vented. The aim of the doctor, therefore, must be to"

make theratio of the radiation dosage on the he althy
tissue to that on the diseased tissue as small as
possible. The' measures to be taken for this. purpose

are quite different according as the diseased tissue’

lies deep below the surface of the skin or is situated

* only slightly below or on the surface of the skin.

Let us first consider -the first case of ‘“depth
therapy Since the intensity of the X-rays de-
creases with the square of the distance from their
source, and, moreover, since the rays suffer an

attenuation in the tissue, the intensity will be

smaller at some depth than on the skin. The dosage
- has a certain depth gradient, see fig. lo. In depth .
therapy, therefore, the diseased tissue always re-
-ceives a smaller dose than’ the healthy one at the

 surface. The fact that a healing effect can never-

theless be obtained is due to the fact that the diseased
tissue is sometimes more severely attacked than
the healthy tissue by the same dose. In fig. la
the relative positions are 1nd1cated of the dose

. required for killing the diseased tissue and the dose

permlsslhle with the object of sparing the

“healthy tissue.. It may be seen.that with these

relative positions "therapy is possible, but only
when the radiation does not have too great a

depth gradient. In depth therapy, therefore, thé
- smallest posslh]e depth gradlent of the radiation is

desuable

v

The situation is quite different in the case of
tumours on the surface of the skin, z.e. in “surface
therapy”. In this case the healthy tissue, which will
“also be exposed upon irradiation, lies for the most
part under the diseased tissue, the positions being -
thus reversed. This case is naturally more favour-.
able for’ radiation therapy, since here the diseased
tissue always receives a larger dose than the healthy

B ‘Jl‘b

Fig. 1a) In depth therapy the dose of X-rays administered on -
the’ surface of the skin where the tissue is healthy may not
exceed a value D, while at a depth d, under the skin, where the
diseased tissue 1s srtuated it must attain at least a value D,
The -smallest possible depth gra(hent of X-ray mtensxty is ‘
required.
b) In surface therapy a minimum value D, is required on the ‘
surface and a maximum value D, at the depth d,. Here a
- steep depth gradient is favourable, for instance one accordmg
to curves 2 or 3, which are much steeper than the broken hne
curve I representmg ‘the curve of ﬁg la. . o

tissue. If we now indicate the required minimum
dose on the diseased and the maximum permissihle
dose on the healthy tissue (fig. 1b) it is clear that
in principle any depth gradient of the dose can -
be used. In order, however, to spare the healthy
tissue’as much as possible, it is clear that a fairly -
.steep depth: gradlent is preferable, whlle one’ -
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also has the poss1b1hty cof” admlnlsteung a la1ge1>r

dose on the diseased tissue.

.~ Howis it now possible to realize the dcsired slight.
* or-steep depth gradient, as the case may be? The
.gradient is characterized by comparing the intensity
. of radiation at the surface of the skin Ij with the '
) intehsity I at a depth d under the skin. If a is the

" distance from the source of X-rays (focus of the

N tube) to the skin and w the coefficient of attenua-

" tion of the tissue for the rays, the square law gives

Id_a2

. e—bd S
I (afdp S @

"+ This “depth. quotient”, which is a measure of the
~ depth gradient, becomes large
the value unjty) when a is large compared with d

(i.e. approaches
“and if p is small. In depth therapy, therefore,
the X-ray tube will be set up at some distance from
the patient (30 to 100 cm) and hard radiation

(short wave length) will be used, as it is only slightly.

attenuated in the tissue. ‘This means high tube

' voltages 1) — practlcally usually 200 kV, sometimes

up to 1000 kV ~ and the employment of a heavy
- metal filter to suppress the soft parts of the mixture

of rad1at10n emitted from the focus. In order to-

obtain the desired dose in the tumour without too
long an exposure time in spite of the great distance

and the loss of radiation in the heavy filter, a high

_tube power (1-4 kV) is needed.

‘In the case of surface therapy, where the obJect
is a low depth quotient Idlﬂ;,, exactly the opposite
- measures mus tbe taken: the distance a hetween
focus and skm will be made as small as possible

- ‘and radiation will bé used which is subject to great
"attenuation in the tlssue, thus soft radiation (low

" tube voltage, approxrmately 50 kV) without more
filtering than is inevitable due to the passage of the

_ radiation through the wall of the tube (so-called
*..'own filter of the tube).

* Apart from the fundamentally: more favourable
“situation in surface therapy compared with depth
therapy, there is also .the extra advantage that,

) ‘thanks to the small distance from focus to object
_and the weak filtering, only a-low tube power is
“necessary for the required dosage. The X-ray tube
. may therefore bé small and easily adjustable, the

whole apparatus may, also because of the ralative
low tuhe voltage, be light, even portable,,while in

1) See: Phlhps techn Rev 4; 161, 1939. It should also be
‘noted that until now it has not been determined whether

g
1

addition very short exposure times are sufficient.

These favourable aspects of surface therapy, or
“contact therapy”
tube being in immediate contact with the patlent s
skin, have contributed much to the adoption - of

the X-ray treatment of skin diseases and surface -

tumours.

- In the following: descrlptlon of the Phlhps CT -

. apparatus, which has been specially -developed for

the_ healing effect for tumours is fundamentally different

. for X-rays of different waverlengths corresponding to tube
voltages between 50 and 1000 kV. The choice of wave
length can therefore, apart from technical considerations,

- be determined ‘primarily by the ‘desired depth- gradient. .

this therapy (CT), we shall enter into more detail -
“about some of the aspects of this therapy 4).

* . Construction of the X-ray tube

f‘;éoNTAGnTHERAPY"f T ey

as it is'often called, the X-ray .’

-

From the above it follows that an X-ray tube

for - contact therapy must fulﬁl the followmg‘
requirements:

1) The distance from the focus to the wmdow'

must be very short in order to inake it possible

to place the focus close to the skin.

2) The filter of the tube must be small, which

means - that the window of the tube at the

- spot where the rays pass through the tube wall
must be very thin and-made of a light material
(low absorption). R : T

In addition to these. there are several practlcal
‘Tequirements which emerge from the desire to be

able to apply contact therapy to* tumours and

diseases of the. mucous membrane in cavities

of the body, such as the mouth, . throat, etc.
For this purpose the focus” should be close to the
end of the tube and this end. should be” small
enough to be introduced into such cav1t1es At the_
same time it is usually desirable that the radiation
should "be emitted in. a forward direction (not
lateral as is customary) . :
The requirement of a thin tube with the focus

at the end also holds in the employment of X-rays -

for the testing of material, when tubular casts
and the like are examined. For this purpose X-ray

tubes have been constructed with a hollow, earthed .

anode projecting from the tube and shaped like a

funnel 2), see fig. 2. For our purpose, however,

this, construction has the disadvantage that _’the,

.second requirement mentioned, small own filter,

cannot easily be satisfied.” The rays, which are

‘emitted in the direction of the length of the tube,

must pass through the anode plate upon which the
focus (lozenge) is situated. For the sake of high
efﬁc1ency the lozenge must consist of a heavy metal,
usually tungsten ; this metal, however, also has a high
absorption, especially for ‘the soft rays. Moreover,

2y Gf: l"]nhps techn Rev.’5, 69 1940 (ﬁg.. 6). For a contact

therapy tube of this kind see H. W. Ernst, K. Frik ande
P Ott, Strahlentherapie 52, 369, 1935. . .. -
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the anode plate must not be very thin, since it
must be resistant to the strong heat transfer by the
. current of electrons and must also be vacuum tight. !
In this way a heavy own filter is obtained and in
consequence a much harder and less intense radia- -

tion than is desirable.
: WG /
) ' EY

|

L .
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Fig. 2. Construction of an X-ray tube with earthed anode
projection. The electrons emitted from the filament G move

. through the earthed hollow anode 4 and impinge upon the
copper plate P. The upper layer of this plate, the lozenge,
upon which the focus F' is formed, consists of tungsten. The
X-rays enitted by P must pass through the anode plate P to
reach the surface to be irradiated H. ,

Of course these two objections can be partially
compensated by making the distance between focus
‘and skin very small. When the distance is small
enough (several mm) it is possible to work with
both hard and soft radiations, as is indeed thé case
with radium irradiation, since then, due to the
dominance of the factor a?/(a+d)? in equation
(1), a very steep depth gradient is nevertheless
obtained. Working with such small distances has
in turn, however, other objections. In the first

place very small variations in the distance then -
B . hY . . .
© have immediately a great influence on the intensity

on the skin, so that dosage is made difﬁcu1t= Espe-

cially, however, at such small distances it is neces- -
sary to use very large angles of divergence of the -

" beam of the X-rays. The peripheral rays of the
beam then passthrough the anode plate obliquely,
as may be seen in fig. 2, and are thus more atten-
uated than the rays along the axis; and, moreover,
they must cover a greater -distance to reach the
skin. The result is'a very non-uniform distribution
of the intensity on the field irradiated, a
pheriomenon” which meets strong objections from

‘the doctor. The .doctor, on the contrary, for the .

sake of easy and reliable dosage, requires the most
uniform - distribution possible. :

In this laboratory an entirely different comstruc-
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tion has been worked out, in which the own filter

of the tube could be very much restricted 13). The
cathode is here‘earthed and the X-rays emitted
by the anode pass through the opening in "the

ring-shaped anode. _
In fig. 3, which shows a diagram of the end of the

tube, this construction may be seen. The filament

G, led through with one pole connected and the

other insulated,. is fastened in the earthed metal -

cathode can K. By means of the ring D the elec-
trons emitted from the filament are focussed on the

., massive tungstez%' anode, which has a positive
_ voltage of 50 kV with respect to the cathode. The

X-rays excited on the anode pass out of the tube
through a glass window behind the filament ‘and
fused into the cathode can. It is of importance here
that practically cathode potential prevajls over the
whole space occupied by the window. There is thus
no danger that secondary electrons freed on the

" anode will bombard the window, which therefore

may be large and thin.

Surrounding the tube is an - earthed metal =
-jacket 0, which i§ closed at the spot where the rays

emerge by a thin cap of “Philite’ in order to provide

mechanical protection of the thin window.. This ’
‘cap can be placed directly against the skin surface

to be treated, so that due to the very short distance
between focus and skin a very steep depthlgradi‘ént
is obtained. The minimum distance between focus
and skin amounts to 18 mm, while the X-rays
need pass through no other filter than the glass

window and the “Philite” cap; the combined filter

R
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Fig. 3. Construction of the X-ray tube of the Philips CT

apparatus for contact therapy. K earthed cathode can, G
" filament, D focussing ring, A anode, F focus, V. window,

T insulated connection between cathode can and anode holder,
0 jacker, P “Philite” cap. . o :

Bl

effect of these is equivalent to 02 ‘mm of alu-

minium, For the sake of comparison it may be -
mentioned that the own filter.of other tubes for the .

same voltage is at least 1 mm of aluminium.-
- PR . 4 s . L.

"3y ¢f: J.H. van defTuﬁk»an('l'G;. J. van der Plaats, . ...

.. Ned.T. Geneesk. 79, 4025,1935 and J. H.van der Tuuk,
Ned. T. Natuurk. 3,129,1936. . - L

R
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Infig. 4 the variation of the i intensity as a functlon

ofthe depth beneath the skin is shown as measured )
“ . upen irradiation ‘with the tube described. It may .
be ‘seen that, using the smallest possible distance
‘ (curve 1 for a distance of 2 cm), a very steep :

depth gradlent is obtained: at a depth of 1 cm
under the skin‘the intensity has already fallen to 22
percent of that on the surface. L

.It must be remarked that there is Stl].]. some dlf-

\_ference of opinion in medical circles as to what is
_" _ practically the most suitable value for the depth
“gradient ®). It will-indeed depend more or ‘less on

the individual case. In some cases, therefore, a less

A X steep‘g_radientwillbe preferred. This can be obtained
: '4 in‘a simple way by slightly increasing the distance
from focus to skin or by introducing an extra

filter for the rays. Curves 2 to 6 in fig. 4 show
the different forms of intensity gradient under

.the skin which can be realized by these means.
" In the case of curve 6 (4 cm distance and filter .

of 2.7 mm of aluminium) the intensity at 1'cm

" depth still amounts to 49 percent of that on the
surface.' :
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Fig. 4. Measured depth gradient of the tube of fig.”3 with
50 kV voltage. Intenslty Iin percent asa function of the depth
d in cm. ~

The ﬁeld distribution is 'very honrogeneous with -

this tube, as is shown in fig. 5, where so-called

) " Cf. for extensive results: G. J. van der Plaats, diss.
Utrecht 1938. Compare too L. F. Lamerton, Brit. J.
. Rad. 13; 136, 1940.

5) Cf. for example W. Schifer and E Witte.. Strahlen-

* therapie 33, 578, 1929; W. Chaoul and, A. Adam,
Strahlentherap1e48 31,71933; G..J. van der Plaats,
Theses, Utrecht, 1938; of. also footnote 6): D. den Hoed,
Acta Rad. 19, 239, 1938J M. Woodburn-Morlson,Medlcal
“World 12, 231, 1933, P. A. Flood and D. W, Smithers,
Brit. J: Rad, 12, 462, 1939. Sven Hultberg, Acta Rad.
.24, 328, 1943, ]
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isodose curves are drawn. These are lines connecting

‘all points receiving the same dose. The field irra:

diated is here limited by a metal cap to a circle of

10 mm diameter. The dose over the whole skin-

surface exposed . is practically uniform. At .the
same time the rapid decrease in the dose w1th

- depth and the sharp boundmg at the sides may be .
. seen from the figure. This bounding, also an impor-

tant - requirement ‘of the”doctor, is obtained by

- using a small focus. With a large focus only the - '

. o .
mm SETL . g2369

Fig. 5. Isodose curves obtamed upon 1rmd1at10n with the tube
of fig. 3: The field irradiated ‘on the skin is limited to a dia-
meter of 10 mm by means of a metal cone with an opening.

“field on the surface of the.skin would be sharply '

limited by the metal cap, but the edge of the cap

would cast a half-shadow, owing to which at some

depth the lateral limitation of the field, would no
longer be sharp

»

The Jacket of the tube

In fig. 6 a sketch is shown of a s1mp11ﬁed cross
section through .the complete tube with jacket.

(As may clearly, be seeri from the photographs of - o
figs. 7, 8 and 9 the tube is relatively still much

thinner). - The anode A on a long stem is supported
by an’anode holder H, which is insulated from the
cathode K by a glass joint I. Between the tube and
the earthed metal jacket O, “which completely
protects doctor and patient from the high voltage,
a conical insulating tube of ebonite E is introduced.
This made it possible to limit the diameter -of the
whole to about 50 mm (in the middle). The external
diameter 2 r, of the ebomte tube near the anode .
holder is 48 mm, whllst the anode holder 1tself hasa

Rl
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diameter 2r, = 22 mm and is at a voltage V of 50 kV.
The greatest field strength in the ehonite (namely
on the inner wall) is then )

4

=——— =58 kV/cm, ....
23 r lgry/ry

(2)
which is still far below the maximum permissible
field sirength in ebonite (150 kV/em). Without
the ebonite the diameter of the jacket would, as

VOI. 8, No. 1

heat capacity of §.285 cal. per litre and per degree
centigrade and the air passing through when the
tube is in continuous use takes up 100 W sec = 24
cal, the temperature of the air rises 24/(2.4 X
0.285) = 35° aboveroom temperature. The extremity
of the tube does not therefore, become uncomfortably
hot even after long use.

The method of cooling just described makes
an air gap necessary between the anode holder and

Fig. 6. Cross-section of the X-ray tube with jacket. From the photegraphs of figs. 7, 8
and 9 it may clearly Le seen that the tube is actually very much thinner. K cathode can,
A anode, H arode holder, I glass joint, O jacket with “Philite” cap P, E insulating tube
of ebonite, ¥ high-voltage cable, S plug, G rubber tube, L air inlet, R ring with holes for
escape of air, M metal conc for accurate placing of tube on the skin.

can be calculated with formula (2), have to amount
to at least 2r, = 112 mm, in order to limit the field
strength on the anode holder to the maximum
permissible value for air of 28 kV/em.

During use a power of about 100 W is dissipated
on the heated anode (tube voltage = 50 kV DC
voltage, tube current — 2 mA). The anode gives
off the heat developed by radiation to the cathode
can. If this can had in turn to get rid of the heat by
radiation towards the outside, it, and with it the
whole extremity of the tube, would become much
too hot, so that it would not be possible to place
the tube directly against the surface of the skin
or in a cavity of the body. It was therefore neces-
sary to provide an intensive cooling. For the sake
of simplicity in construction and ease in mani-
pulation of the tube, air cooling was chosen. In
the cabinet for the high-voltage generator a fan is
mounted. A rubber tube surrounds the cable,
which supplies the high voltage to the tube, and the
fan blows air through the space between cable and
rubber tube. As may be seen in fig. 6, the air flows
between the tube and the ebonite insulation can,
along the cathode can and back along the outside
of the insulator can, to pass through holes in the
In this way the patient
experiences no inconvenience from the current of
air. The amount of air blown through the tube
amounts to 2.4 liters per second. Since air has a

ring to the outside.

5)  See for example: Philips techn. Rev. 6, 270, 1941. Weassume
that we are here concerned with the case of two concentric
cylinders with a homogeneous dielectric, and we shall
later deal with more complex dielectrics.

the ebonite insulator. Due to the fact that ebonite
has a dielectric constant of 3, the field strength in
this air gap is three times as high as in the adjacent
ebonite 7), thus a field strength which, according to
the above mentioned values, is certainly many
times greater than the breakdown strength in air.
It may therefore appear remarkable that in this
case no account is taken of the customary require-
ment that the breakdown field strength may not
be exceeded at any point. Thanks to the presence

Fig. 7. The tube in its jacket. The whole iz 50 em long and
weighs 2.5 kg; it can easily be held in one hand by the handle.

of the ebonite no complete breakdown can occur;
moreover, the ionized air is continually replaced
by the cooling ai1 current.

Fig. 7 is a photograph of the tube in its jacket.
The tube can easily be held with one hand, so that
the treatment can also be by hand (fig. 8).
This method has the advantage that during the

7) See for instance the article cited in 6).
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Fig. 8. The apparatus for contact therapy during treatment.

irradiation the tube follows the slight movements
of the patient. The placing and adjusting of the
tube is usually as follows; A metal cone (M in
fig. 6) with an opening which is determined by the
part to be irradiated is placed upon the spot to be
treated. When the openingis exactly over the desired
spot the doctor inserts the tube into the cone,
which is held in position by the pressure of the
tube, and the irradiation can be begun.

Instead of holding the tube in the hand it
can also be mounted in a universally moveable

arm fastened to the

see fig. 9.

high-voltage generator,

The tube supply

The tube is fed with direct current voltage,
according to a scheme the principle of which is
shown in fig. 10. It is desirable to use DC voltage

CONTACT THERAPY 13

of opposing the high-voltage in the negative phase is
now, as it were, passed on from the X-ray tube
to the rectifier valve. The construction of the jacket
with the glow discharges in the air gap might also
be dangerous with AC voltage ?).

For the avoidance of flashover a pulsating DC
“voltage would, in principle, also be sufficient, such
as is obtained with the well known and often used
Villavrd connections, see fig. Ila. As may be
the
Villard connections transformer, condenser and

seen upon comparison with fig. 11b, in
valve are subjected to only half as high veltages
as in the case of a connection for slightly rippled
DC voltage with the same peak voltage. The latter,

Fig. 9. The cabinet, containing the high-veltage generator and,
above it, all the control and regulation elements, bears a
universally moveable arm into which the X-ray tube can
be fastened.

’

Fig. 10. Diagram showing the principle of the feeding of the tube. The high-voltage
part is indicated by heavy lines. B X-ray tube, T), high-voltage transformer, V' rectifier
valve, C tondenser, T,; and T,, filament current transformers, Tr. regulator transformer
for correccion of mains voltage.

especially because of the danger of flashover as a
result of electron emission caused by the heating
of the hot anode when the voltage across the tube
is reversed8). By the rectification the function

8) See: Philips techn. Rev. 6, 309, 1941.

however, offers the advantage that all the electrons
attain the maximum velocity. With equal power,
thus at a given capacity of the cooling, this is

9) Compare the analogous situation in the case of gas-filled
cavities in the dielectric of paper condensers: Philips
techn. Rev. 4, 254, 1939.
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manifested directly in a shortening of the necessary
times of irradiation. In addition there is also the
fact that, thanks to the low power required and the
relatively low voltage, the economy possible with
the Villard connections is not of much importance
here. The whole generator, which is housed in the

cabinet shown in fig. 9, weighs only 20 kg. -/
I i
7 - EI/I y '
a) g 72 E . E
\ =
£ t

+n
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Fig. lla) Villard connections.

b) Connections for obtaining’ much less strongly pulsating
DC voltage, At the same peak value E of the voltage obtained,
all the elements of the connections a can be constructed for
a voltage only half as high as those of b,

'

Above the generator in the same cabinet are also
housed all the switching and regulatory elements.
Compared with various installations previously
- described, these include only one interesting feature
which we. shall discuss in some detail; ‘namely
an .automatic regulation of the tube current. For
satisfactory dosing it isnecessary that the previously
chosen tube' current ¢should be accurately main-
. tained from the beginning to the end of a treatment.

Now there are various circumstances which may

have an unfavourable effect on the constancy of the

tube current. In the first place there are always
- certain fluctuations of the mains voltage and conse-
‘quently of the filament current of the tube. The

electron emission depends so cloeely on the filament

temperature that a mains voltage variation results
: _in a ten- percent greater - variation of the tube-
current. This difficulty could be met by employing
a stabilizer for the filament current, as is for example

done in certain X-ray apparatus for diagnosis, where

. constanttube currents are likewiserequired 1°). In our
‘case this method does not lead to the desired result
because the relatlon between the filament c¢urrent
and the electron emission is not fixed to the same
~ degree as in the apparatus for diagnosis mentioned
~ above. This is due chiefly to the small distance
. between anode and filament: after switching on, the

19) Philips techn. Rev. 6, 12, 1941,

_ anode gradually heats up and heats the cathode by

radiation, so that the emission increases even when

the filament cuirent is constant. The resulting

increase in the tube current during the first-few
mmutes after switching on is particularly unpleas-
ant, since during the treatment, which should

proceed smoothly and be finished within a few'
minutes (sometimes even within 10 sec.), instead -
-"of being able to devote his whole attention to the

patient, the doctor would be compelled contmually
to regulate the tube current.

Now in order to eliminate all the causes of tube

current variations simultaneously, a filament vol- .

tage regulator is employed which is governed by
the tube current itself. Fig. 12 shows the principle

"of the regulator. The filament current of the X-ray

tube B is supplied by the transformer T, which. in
turn is fed by the transformer T, over the resis-
tance R,. In this resistance an extra voltage loss is

caused by the current in the relay tube L. An in-.

crease in the average ojrrent through L will
therefore cause a decrease in the average filament

current. Now when we ‘assume the potentlometer'
- P to be,in the’ position indicated by the dotted

line, the voltage over the resistance R, acts on the
grid of L. This voltage, which is smoothed by the
condenser,Cy, is proportional to the current through

the X-ray tube. When the tube current increases .

the ‘grid voltage of L becomes more -positive, the

momnient of ignition of this tube in each period of -

Fig. 12. Simplified scheme of the regu]ator for automatically.

keeping the tube current constant. See the descnptlon in the
text of the article. -

t
s

tlie AC t;oltage_ sup;llied by T, is adtraneed?_ the
average current through the relay tube rises and .

the result is a fall in the filament current of the
X-ray tube, so that the increase of the tube current

- is .compensated. The regulatory - mechanism thus -

tends to maintain the nominal tube current.
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..The nominal tube current can.be determined'

‘with the potentiometer P. With this potentiometer
a variable. part of the fixed DC voltage over R,

_ (obtalned by rectification of the AC voltage acting
. on S by the rectifier valve G and smoothing by C,)

can be subtracted from ‘the bias on R3C;. The. grid
of the relay tube then becomes less positive with
‘the same tube current and the mechanism only
’ reaches on equlhbrlum at a higher tube current.
SR :
)

4

.5

1 /

1
0

90 95,.100'105 0% v

" Fig. 13. Change of the tube current in mA upon ﬂuctuatlons
.of the mains voltage expressed in percent. Curve a w1thout
regul ator, curve b with regulator

v The eﬂ'ect of the regulatory arrangement can be
seen in fig. 13, where the tube current is drawn
as a function of the mains voltage. Without regu-
lator the. current set at 2 mA varies between 0.55
and 5 mA with api)roximately 10 percent variation
of the mains voltage, i.e. between 28 percent and
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radiation intensities can be obtained. With 50 KV -
tube voltage and 2 mA tube current the*intensity -

at the 'surface of the ¢“Philite”” cap amounts to not
less than -7000-8000 rontgen - per minute., For the
sake of comparison it may be mentloned that in
fluorscopy of the lungs of'a patient receives a dose of

abour 2 r, that the dose nécessary to cause an

erytheme amounts to about 600 r, while 0.2 r
is the tolerance dose, i.e. the dose which the operator

., of X-ray installations may receive daily without

" harm in the long run. For the therapeutic treatment

250 percent of the nominal value; with the regulator

the current remains between 1.6 and 2.4 mA, i.e.

~ between 80 and 120 percent of the nominal value.

The decrease in the effect upon heating-up is not
~ made evident in this graph, but experiments have
* * shown that this effect is practically inappreciable
with the current regulator.

Practlcal apphcatxon of the apparatus

We have already pomted out that vdue to the
. small dlstance between focus and skm very h1gh

of tumours of the skin total doses of for instance,.
3000 to 20,000 r are required. Thus a total time of -
irradiation of not- more. than several minutes is .’

usually sufficient. This makes it possible, if desired,

to’ “bum out” the tumour in'one treatment (so-
called X-ray caustic of van der Plaats). But -~
also when for certain reasons it is not desirable

to administer the total dose in a single treatment,
it is in any case possible to treat the patient without
hospltaluatlon This is in contrast .to a radium
treatment where the normal radiation” intensity

is about a thousand times smaller, so that the.

irradiation occupies se;reral days.. This great
advantage has already contr1buted to. the appli-
cation of X-rdy treatment to a much larger circle
of patlents It does not, however, mean that radium
treatment can be replaced. by contact therapy in

all cases. The choice between the two methods of

treatment will often be decided by the doctor
according to the ease of application in a given case.

At the beginning we showed that surface therapy,
and especially contact therapy, is in a much more

favourable position than depth therapy. The per- .
centage of cures with contact therapy is very -

high, and in cases where there is a free choice
between the two methods, namely in the case of
tumours in cavities of the body, preference will
usually be given to contact therapy. It is perhaps
possible that in a not too distant future methods
will be developed to make more deeply lying

tumours accessible for the method of contact therapy -
, with the help of operational technique. '
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THE MEASUREMENT OF IMPEDANCES PARTICULARLY
ON DEC]METRE WAVES

by J. M. van  HOFWEEGEN."

.

621.317.33.029.63

Several methods are discussed by which impcdances can be measured at radio frequencies. L
At wave lengths above 1 metre it is customary to connect the impedance to be
measured in parallel with an oscillation circuit and to calculate the required impedance
from the detuning and damping influence experienced by the circuit. On'decimetre waves
a Lecher system is used as oscillation circuit. This article describes the manner in
which this method has been worked out in the Philips Laboratory. As measuring

instrument for the high-frequency voltage a diode voltmeter needing only relative

calibration, is used.
, .

" Intr?ductlon

- used in high-frequency technique, is the indication .

_tween -these, two quantities.
* which often oﬂ'els advantages for obtammg a clear

With the increasing use of hlgh frequenc1es
in radio technology and television, namely waves

cof from several metres to a few dec1metres, the

necessity is more and more felt of having at one’s

disposal methods of measuring the impedances

présent at such frequencies. As one important field
of apphcatlon for such methods of measurement
we may, for example, mentlon the measurement
of the input and output 1mpedances of amplifier
valves, which impedances - are  very important
for the use of those valves. A second important
application is the measurement of the impedance
of leakage - resistances; at- high frequencies the
impedance of such resistances may deviate con-
siderably from the D.C. resistance, due to skin
effect and parasitic capacities and sclf-inductions.
For-use in a circuit a knowledge of the correct
resistance value at the frequenc1es used is very
1mp0rtant :

The characterlzatlon of impedance

"The importance of a circuit or of an element in a
circuit may he ‘characterized in different ways;
the simplest way is by the determination :of the

~absolute value of the ratio between terminal voltage

and termmal current and of the phase shlft be-
Another manner,

ms1ght and which is therefore very commonly
of an equivalent parallel or series connection of

two elements, one of which is a pure resistance
and the other a loss-free reactance.

_ parallel of a resistance and a capacity, the resis-

‘tance in particular dependmg closely upon the
‘frequency In measuring an impedance in high- :

. s . e . .

1)’See. f"o_‘r, ‘ins'tance Philips techn. Rev. 3, v_3$7', 1940

.

Thus for
example the input impedance of a radlo valve is
- often ’ mdlcated by an eqmvalent connection in

of the capaclty‘ C. A without Z,;; B w1th Z

~

frequency technique’ it generally sufﬁces, in fact,
to determine the two elements of thls parallel
connection. i

Before discussing the measurement of impedances

on decimetre waves, we shall first deal with the
methods of measurement which are customary in
the case of long waves.

Measurements
greater than about 1 metre

of 1mpedance at wave lengths :

The methods by which it is customary to measure

an impedance at low frequencies (from current:

1 S
1l o -
v —7 o
, P L _L
®E -sEc (OM Re  ==Cc
' F T
—
a T2
e,v
e,/\/z_
&/V2 |

vE2 ‘ L

-1 metre. E is a source of high-frequency voltage. The coil L
~with resistance r -and the calibrated variable condenser C
form an oscillation circuit. M is a measuring' instrument
for determining the high-frequency voltage on this circuit.
R, and C, characterize the impedance Z, to be measured.

b) The hlgh-frequency voltage ¢, read off on M as a function

Fig. la) Diagram showing the prmcxple of the method by .
which impedances can be determined at wave lengths above .. *

4
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“and voltage with a' Wheatston'e bridge or more

‘ complicated bridge'connectionq) cannot bc used -
“at’ radio frequencies without very special pre- -

cautions. The chief reason for this is that dueto the
. -inevitable parasitic capacities and self-inductions
in the connections it is never entirely certain

~ whether the same current flows in two compo-

nents connected in series, while also the presence of
the same voltage between the terminals of two
- components connected in parallelis by any meansnot
always assured. It is therefore customary to mea-
sure an impedance at high frequencies from the
detunlng and damping effect which that im-
pedance exerts on an osclllatlon circuit. The prin-
ciple of the connections used to do this_is repre--
sented in fig. la. The, oscillation circuit’ consists
of 4 coil with the self-inductiori L and the resistance
'r and in parallel to it a calibrated variable con-
denser C. The circuit is coupled with the source of
hlgh frequency voltage e, for example via a con-
"‘denser Cp, while the -voltage mcasurmg instru-
ment M, to which we shall revert later, is connected
in parallel with the circuit. At the same time

the, impedance Z; to be measured, which is for
instance characterized -by Ry and Cy, can be
" connected in parallel with the circuit.
-The measurement is now performed as follows.

- The circuit (without Z,) is first tuned to the. fre-
quency of the source‘ of high frequency voltage.
The voltage read off on M, ¢; (see fig. 1b) is then
‘a maximum. The condenser Cis then mcleased and
reduced, in both cases in such a way that the vol-
tage on the circuit becomes smaller by. a factor

V2 with respect to ey ). If the differenice in capacity
read off on C in both these cases is equal to 4C,
_the following relation exists between AC and the
resonance re51stance Ry, of the circuit:

~N . 9

wAC

' where w is the angular frequency of tlie high-

frequency voltage applied to the circuit.

_ The impedance to be measured is then connected

in parallel with the circuit. The condenser C must
then be reduced in order to brmg the circuit into
‘tuning again. The amount by which C must be
redueed is equal to, Cy9). After the connection of

" %) The capacity of the circuit is then formed by C + C..

. 3) A different factor can also be chosen. The formula for R;,,

9

‘however, does not then assume the - 51mple form re-
presented: by (1).:

When.the 1mpedancc to be measured may be represented :

by a connection in parallel of a resistance R, and a-

o eelf-lnductlon L., C must be 1ncreased hy an amount

-1 .
WL,
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"e; and e, are in the same rat10 as the resonance

"be measured which is experieniced by 4C through'

rule, a small variation in its value can only be S
determmed with less accuracy. - - U

.Zx and the retuning of the circuit; the voltage on the

c1rcu1t ey is smaller than it was when the ciréuit
Was tuned to the measuring frequencv without
Zx, smce the resonance resistance now . consists’
of ‘the connection in parallel of Ry, and R, By
means of a simple calculation it can be shown that

1e51stances thus: '

_ R .'Rka:» o o
€)1l = ‘k.‘—Rk-i-Rx’ | - J. : ,
.or o o - -
o RetRe . (2):
e , in . o s

Ry, can now be calgulated from (1) and (2).

The following is a variation-of this method of
measurement. After the connection of Z, and the\ C
~ retuning of the clrcurt C is again increased and
reduced, this time by such an amount that the

voltage on the circuit with respect to e, becomes

smaller by a factor ]/2 If a total va11at10n of
capacity A'C is necessary for this (see ﬁg 1b), the B}
connectlon in palallel of Rk ‘ahd Ry is given by the -

“e.

relation - e . \ AN
R g T
Rfi ;?x wae o B
It finally follows from (1) and (3) that =+ "
C Rem 2 e
, R 0 (4'C—4C) R

‘The first method described here, the one 1n
which the resonance resistance after the connec-
tion of Z is found from the height of the peak of ..
the resonance curve, is- especially. su1table for
measuring impedances where the resistance’ compo- L
nent Ry is larger than the circuit resonance resis-
tance Ry,. Due to the connectlon of Z, and the,
retuning of the circuit, the resonance resistance -
of the whole then undergoes omly a relatlvely i
small change and e, is not much smaller than e ..
The hlgh-frequency voltage supplied hy the source o
of voltige can now be chosen so high that this small'

_variation’ in voltage can be.read off with’ a_ wide "
"deviation of the voltmeter M. If the second method

is applied, where the resonance resistance after the ,
connection of Zy is determined by the deétuning of S
the circuit, then according to (4) the change miust

the connection of Zy. Since AC is qulte small as a

If on the other hand R, is so. small 'cor'npared_-?':
with Ry that ¢, is considerably ‘smaller than ‘e, o .

L




the last-mentioned method is to be recommended.
Since by this method it is not necessary to compare
‘¢, with e, by increasing the voltage suppliéd
by the source of voltage provision can be made for
" reading off e, also at a wide swing of - the
.measuring instrument M. Since in this case the
.difference between AC and A’C will be fairly

- large, the objection ‘to this method ralsed in the

preceding paragraph is met.
+ Since, as mentioned above, it is often necessary

to.be able to read off accurately very small values -

of AC or 4°C, while a rather large variation of C
“is often necessary for the measurement of Cy,
“in practice, instead of a single variable condenser,

a connection in parallel of two calibrated variable

condensers is generally used, namely a small one

for the determination of AC and if nécessary 4'C,

and a large orie for measuring C. It must further be
pointed out that the absolute value of the circuit

capacity is of no importance for the measurement,

so that the capacity of wiring and the like plays

. mo part. For this reason. also it is not necessary
" to make Cy especially small. C.may be considered
" as forming a part of tlie total.circuit capacity.
A largé value of Cy vill therefore not influence
‘the accuracy of.the measurement in the first

instance. -It must, however, be taken into account -

that with a large value of Cj the circuit is often
strongly damped by the internal resistance of the
voltage source. The result of this is a-small value
of Ry; which makes the determination of a large Ry
maccurate : :
The method of measurement described is only
possrble due to the fact that a good variable con-
- denser is practically loss-free at the frequencies in
question, so that a variationh of C does not affect
“the losses of the circuit. The use of a variable

condenser which cannot be : considered” loss-free '

v,‘]eads to mcorrect results. . N

Accordmg to the prmclple described here 1mpedances can
be measuréd where the resistance compontent R, is of the same
- order of magnitude as the resonance resistance of the oscil-
*lation cn-cult used (for instance from 20 Ry, to 1/20 Rk)

Wheq it is desired to measuré a very small 1mpedance,

such .as for example the impedance of a short metal wue,‘

~1an os(‘lllatlon circuit must thus be constructed with a very
- small resonance resistance. This would necessitate the use

" "of a very large variable condenser (the resonance resistance

is given'by L/rC). Since in addition to the requirements of

accuracy and freedom from losses-this condenser is also bound -

to maximum dimensions (see later) especlally at wave lengths
below 10 meters, a lower limit is thereby set to the value of
"Ry wlnch can be measured by this method. Very small i impe-
dances can, however, be measured by a similar method. They
_ are then not connected in parallel with the oscillation circuit,
" ‘but in series with the circuit coil. The formulae to be applied

s
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in this case ‘are less simple than those given above. In order
to work them out a knowledge is required-of the absolute ' .

value of the capacity C (or of°the self-induction L), -

.-In practice the method described can be applied
for wave lengths of up’'to 1 metre, not already -
at wave lengths of several meters ceftain precau- .-
tions are necessary in order to avoid systematic
errors in measurement. Special attention should
be paid to keeping the connections ‘between the
various components very short in order to prevent
the self-induction of the connecting wires from
causing incorrect results. Where for imechanical
reasons a connection cannot be made short enough,
it may be necessary to compensate the self-induction
of the connecting wire by connecting a capacity
in series with the wire in question, Thus in ﬁg 2

n’
1] _ L C
L

P
04~

vSREPD

Fig.- 2. The self-inductions L, of” the connecting wires of the .
impedance to be measured can be compensated by capacities
C,. See the text under fig. 1 forsthe meaning of the other

symbols

it is indicated how the self-induction L, of the
connections between the 1mpedance to be measured
and the circuit can be compensated by capac1t1es
C,, which _ are in ser1es resdnance with \L 5), so
that the following holds oLy, = ljwGCy. A

‘Another objection which often arises is that the
calibration of the condenser C, which has usually
been carried out at a low frequency, is no longer -

"correct at the high frequency at which the measure-

ment is made, owing to the self-induction of the
connecting wires. In these connections also, there-
fore, capacities should be included in this case.
Furthermore the d1mensrons of the condenser C
should be kept small since otherwise the self-
induction of the fixed and rotating plates may cause
the above-mentioned- difficulty. Since in this case
the self-induction depends upon the size of C, it
cannot be ehmmated by a condenser in the con-
nections. :

§) The adjustment of the=e capacmes to the correct value
may take place in different ways. A common method is
to connect a serond voltage measuring instrument instead
of Z, and to adjust the condensers C, in'such a way that-

" the voltage which- is read off on the latter mstrument is
“equal to the voltage read off on M. ’
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- Not only is it possrble to determine the resonance.
resistance of an oscillation circuit from a variation
in capacity, but it is also possible by a variation

" in the, frequency of the h1gh frequency voltage
'source. A fixed tuning capacity can thus be used

- in this case. The frequency is.now varied so much
that the circuit voltage is decreased by a factor

1/2 on both sides of the resonance peak. When the
.- total frequency variation necessary for this 1s af
o the ‘resonance resistance is given by
T R P
o - R oncar e 6

-

Tw

Smce at the very high frequenc1es as S considered

" here the accurate measurement of small frequency

var1at10ns is generally more difficult than the

accurate calibration of a variable condenser, the

measurement of a fixed frequency and a.variable
: capac1ty is of more unportance in pract1ce /.
- ~Practically the only méasuring instrument

which can be used for the.measurements in question

" is a diode voltmeter. In order to keep the connec-
- tions, which carry the high-frequency AC, short,
the diode is generally soldered directly to the cir-
cuit. In fig. 3 a diagram is given of the way in which

" a diode voltmeter can be connected. Via a con-
denser Cg the diode D is joined with the top of the
oscillation circuit. The DC voltage obtained on the
dlode causes a direct current in the leakage resis-

tance R, which is measured with the micro-am-.

meter M1 The battery ¥V, and- the potentiometer.
R, make it possible to give a small negative voltage
to the anode of the diode, so that the operating
S point can be adjusted to a favourable position on
. " the diode characteristic. The battery Vf ‘and the
' variable resistance Ry serve for the provision and
regulation of the heating current for the diode.
Further it must be noted that the diode voltmeter

=,

“ AN - —
S R I T - :
- ®r A ] 8t
‘L 8"
- - :. a - 8 _l_
: L Z Ra |

. . - ! IVf M.
" Fig.-3. Connections of the diode voltmeter for measurmg the
. high-frequency voltage on the oscillation circuit. D is the
diode, R;-the leakage resistance, M; is a microammeter,
* V5 and ¥V, are batteries for .supplying. the filament current

and a small negative anode voltage which can be regulated
respectively, with the variable resistance Ry and the potentio-

SR T )

meter R,. The connections indicated by @, b and ¢ do not

carry HF current, and may therefore have any length.

4
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"needs only to be calibrated relatively for these .
measurements. Since it is only desired to measure

voltage relations, the absolute .value of the
high-frequency voltage is of no importance.-It is =
also unnecessary that the same high ' frequency.
voltage should act on the diode as on thé oscillation
circuit. The coupling between the two may there-
fore, if desired, be very loose, with a small value

* of Cq. If necessary the diode can also- be coupled .
‘with the oscillation circuit in some other way, for

example through an inductive - coupling  with

the- coil L.

As’a rule the calibration ofthe drode voltmeter S
is carried out at a low frequency. Now there
are two reasons why a cahbratlon performed at a

low frequericy-is no longer correct at very high - '

frequencies. The first lies in the sclf-induction .of -
the supply lines to the diode and the capacity
of - the = diode. . This, . however, affects  only the

absolute calibration 4). The second reason- results R

from the fact that the. electrons need a certain
time to reach the anode from.the cathode; although 7
this time is very short, often at very high frequencies ‘
it may not be neglected, having regard to the
oscillation time of the anode AC voltage. Since the'
transit time of.the electrons depends upon the

- anode voltage, the frequency at which the influence

of the transit time of the electrons on:.the cali- °
bration of the diode voltmeter begins to be felt;
will be in part determined.by the magnitude of the
AC voltage applied to the diode. The result is
that at very high frequencies there is- also. an -
effect of the frequency on the relative calibration.

In order to keep,the ‘transit time of the electrons )

very short and thereby to make the- calibration

performed at. a low frequency still valid -at the - o
highest possible frequency, for measuring purposes’ -
diodes . are used which have been -especially -

developed for this purpose ¢), whereby among other
features, especial attention has been paid to
procuring a small distance . between anode and

\cathode. ,

. g ’. PR . . M
Impedance measurements qn decimetre waves

For wave lengths below 1 metre it is practically -
lmpossrble to. make a normal oscillation circuit

with vanable capacity, since the self-induction and'
 capacity necessary are too small. It is, however, <L

possible to construct a cavity resonator for wave
lengths below 1' metre, but -there are various

" objections to this for measurements by the method
- described above The ch1ef of these ob]ectlons

[ R 4

¢) See Philips- techn. Rev, 7, 124, 1942.~ ARSI R




is that the connection of the impedance to be mea- -

sured would have to be inside the cavity resonator
in order to keep the connections short, and a very

: 1mpract1cal construction would result.
An obvious solution would of course be to use a

Lecher system and self-induction. In the follow-

ing -we shall describe a method of measuremnent
.worked out in this laboratory in which use is made
of a Lecher systeni.
I

'A Lecher system which is short-circuited at one
" end and thelength of whichis about equal to a quarter
wave length, shows much similarity to an oscilation
' and

induction in which the two are connected in
“parallel (parallel circuit). Similarly to the latter, the

Lecher system exhibits a high resonance resis-
" tance ?) with sufficient freedom from loss. De-

tuning of the system_ may take place by changing
_the length, thus by sbifting a movable short-
circuiting bridge. We ‘can now determine the. re-
. sonance resistance in a' way. which is entirely

circuit with concentrated capacity

R ’
SR %4 A

L 1 T wezp

I‘lg 4a) Diagram showing ‘the principle of the method by

which jmpedances can be measured with the help of a tuned ,

" Lecher system. The system, of which thelengthisl, is coupled
_by ‘means of the small capacities Cy with the source of high-
* frequency voltage E.'M is a measuringinstrument for indicating

the high-frequency voltage on the input terminals of the

Lecher system. R, and C, characterize the impedance to

be measured Z,. K is the movable short-circuiting bndge with

" which the Lecher system is tuned. -
‘ b) The high-frequency voltage e read off on M as a functxon
n ~of the length 1. 4 without Z,.; B with Z..

LR

f 7)* See’ Phi]ips,pechn. Rev. 6, 240, 1941, ' -, -
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analogoug .to the méthod followed in. a parallel
For this purpose the Lecher system
is coupled with a high-frequency véltage source
e, for instance by means of ~small capacities
Cr (fig. 4a; the switches S are for the time. being -
assumed to be open). The high-frequency voltage
at the terminals of the Lecher system can ‘he
read off on a measuring instrument M. - S
The resonance resistance is now measured as
follows: The Lecher system (without Zy) is first™ .
tuned to the frequency. of the source of high- -~
frequency voltage e. The voltage 2, (see fig. 4b)

i read off on M is then a maximunl. The length is
self- -

then increased and decreased, in both cases in
such a way that the voltage with respect to the
max1mum ‘Lecomes smaller in' the ratio 1: ]” 2. If
the distance between ‘these two positions of the
short-circuiting bridge is Al the following relation
holds bétween the resonance resistance R, and Al
Rs A '6 1010

6 .
, . 'rAl wAl } ( )
where { - represents the wave resistance 7) and , 41

is expressed in cm. This formula only’ holds as. long-
as Alis small compared with a quarter wave length..

_A normal system, howeve1, always exhibits such a

hlgh resonance resistance Rs that Al is small )
enough to permit the apphcatlon of formula (6) B

Formula“ (6) shows much similarity with (1) and this"'
similarity can be made plainer by a slightly different form ’
of the equation. If we call the self-induction and the capacity
of the Lecher system per unit of length<Ll and C, res- e

-

It ' R . . ) - .. ,'
C—VC[’ o b

. whlle there is the followmg relation between LI and CI:

yrer= i o
y oA e A
where » represents the velocity of propaganon ‘of rhe electro-
magnetic ' waves ‘along the Lecher system. :
When we obtain for the resonance: - L.
: 2.
Ry = wCT AT
Smce CI represents the capacity per 1uut of length CfAl
is the‘variation in capacity of the system and thus the
expression corresponds exactly to (1).

- . . *

T the foregomg it was assumed that the

- Lecher system is in resonance with- the voltage

of the measuring transmitter at the length [,
which is exactly equal to a quarter wave length
(see fig. 4b, curve A4).-In practice, however, this
cannot usually be realized. It is impessible' to

* avoid the occurrence of a certain capacity between

the: connection terminals, i.e. the .capacity of the . '
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- calculated from the equation

N

.insulator by which the extremities of the two con-
‘ductors must be supported and the capacity of the
couphng condensels Ck. Due to thése capacities.

L resonance. Will occur with the transmitter voltage
at a length 1 which is shorter than a quarter wave
. length. When the capacity in question can be kept

" . sosmall that the length I at which resonance occurs

differs only slightly from a quarter ‘wave length,
formula (6) can also be used for the calculation

of the resonanceresistance. If, however; the capacity

in question is not small enough for that, a

"._‘compensatlon of that capacity ' can “be ‘obtained
by means of an auxlhary Lecher system (see
L later) :

.

‘For the measurement of Zx, this 1mpedance is
now connected in parallel with the Lecher system

E (fig. 4a, the switches S being closed). If the impe-

dance to be measured may be characterized by

the- connection in parallel of a resistance and a

capacity, the length of the Lecher system must
be decreased in order to bring the system into

- tuning again with the high-frequency voltage

applied. If the length by which I must be decreased

is equal to 4l (see fig. 4b), Cy is determined by o

1 ol
wa——ctanZRT T-.-T' SR 7)

If the impedance to be measured can be repre-
sented by a connection in parallel of a resistance

and a self-induction Ly, for retuning I must be

increased. The self-induction L. can then be

.

. . ol R,
U)Lx:.—.: g‘cotanvznj e s e . .(8)

For the determination of the resonance resistance
of the Lecher system and of the reactive part

of the requlred impedance, therefore, the Lecher-
© 'system is used in the same way as the parallel

circuit already discussed, although with the appli-

** cation of somewhat different formulae In the de-
_ termination of "Ry, however, ’ account must be
"taken of the fact that in a L'echel system.t_he
-losses are dependent on the ‘variable element,
‘namely the length, in contrast to the losses of the

parallel circuit, which do not depend upon the

* variable_ clement (loss-frec condenser). While in
. the connections according to fig. la the inclusion

of a loss-free condenser Cx (thus without Ry)

‘and the correspondmg ‘decrease of C exert no

influence on the resonance re51stance, in the con-

' nection according to fig. 4a the resonance resistance
"does experience an alteration due to the connection

of a lossfree condenser Cj, and the corresponding

.
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decrease of I. It would therefme, lead- to mconect -
- results if one reckoned that ‘after the connectxon

of Z; and the retuning of the Lecher system
the resistance between the terminals would be

composed of the connection in parallel of Ry -and -

the value of R calchlated- from (6). The determlna-
tion of Ry from the ratio of ¢, to e, or from
Al and A1 (see fig. 4b) is now also possible, but

this caleulation’ leads in general to unreliable
results, since the manner in which the losses
depend upon the- length of the Lecher system

is usually not known: accurately These losses are
due to various causes, namely: ’

L
‘.

.
i

a) the resistance of the conductors and of the_' el

“moveable short- cu'cultmg bridge, SRR
b) the tesistance’ of the contacts between the,

conductors and the short-circuiting brldge, ’

c) losses in’ the insulators by ‘which the conduc- '

"tors must be supported,

‘d~) radiation of the conductors and of the short- o

c1rcu1t1ng bndgc

Tt now depends uPon the construction of the . - -
system what relation these losses will have to each .

other. In the case of a Lecher system used

‘without shielding the radiation of-the short-cir- -

cuiting bridge is often dominant. By the introduc-

tion of suitable shielding the radiation losses of ‘
conductors and short-circuiting bridge can be =

eliminated for the greater part, but this can never
be complete in the case of the first-mentioned,

since the shielding must-be open at the side where .
the impedance Z is to be connected, and the parts -
‘of the conductors lying in the v1c1n1ty of th1s )

opening will thus radiate.

Each of the losses mentioned exhlblts a dlﬁerent o
kind of dependence on the length of the Lecher_'.
system. In practice this is found to be of no impor- .. -,
tance to the application of formula (6) swhich~

relates only to small variations in the length, in

the neighbourhood of 1/4-wave length. The losses
of the Lecher 'system, even at large values of -

81, have in the first approximation no influence on

‘formulae (7) and (8). The quantities e, and le
are, however, dependent on the way in wh1ch the
losses are connected with the length of the system o
It 1s thus in general 1mposs1ble to calculate Ry

in a simple way from the ratio between e, and

e, or from ‘dl-and 4'l Only ‘when the impedance

to be measured possesses practically no reactive

" component, thus when 6l is small compared to..
a quarter wave length, can Ry be. determmed by L

one of these. methods,_ e

:
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In many cases the main cause .of the losses occurring does:
not lie in the Lecher system proper, but in the measu-.

ring instrument M. The losses are then entirely concentrated
at the conmection terminals of the system. In that case the
determination of R, may take place by one of the above
mentioned methods, even with a larger value of 6l. In the
- determination from A4l and A‘l the connection in parallel of
"~R and R, is given by the formula:

R.R - .4 RN

R TR +R, A’l cos? (2= Z.) .
whlch equation in comhmatron with 6) makes possible the
calculatlon of R :

' Owing to the uncertaint'y mentioned about the way
in which the losses depend upon the length of the
- Lecher system, it is desirable to construct the

measuring arrangement in such a way that the

measurement of Ry 'may take place while the
length 1 is the same as that at which R; was meas-
ured. A practical method is to connect a second

Lecher system (fig. 5) with the initial terminals
“of the'above mentioned Lecher system. This sec-

ond system 1is likewise provided with a moveable
. short-circuiting bridge so that its length lII can

. also be adjusted.

“Fig. 5. In parallel with the
. measuring' Lecher system
I is a second Lecher sys-
tem II with the help of
which it is possible to carry
" out the measurement of C;
. as.well as of R,, while the length I dev1ates on]y shghtly
from a quarter wave length.

wiags

Let us now first assume ‘that U1 is equal toa
‘tural objections’ are met which occur in the con-

. _quarter wave length. The input impedance then
_ has no reactive component from this. As a- result

' the measurement of Cy may take place with the
aid of system I,"entirely as described above. Now
if the systém IT is exactly like system I, the meas-
urement of Ry can be performed with the help of
II. For practlcal reasons, however, in -the instal-
lation constructed in this laboratory, system IT
is” built differently from’ system’' I (see below).

In order to determme Rx onc now sets' to’ work}

- as follows. :
After Cyx has been determmed w1th the help of
system, Ili is agam set at a quarter wave length.

" PHILIPS TECHNICAL REVIEW

The l_ength le is n_dw changed so that Cx‘is com-
pensated by the reactive component of the input
impedance of system II, which is ascertained

from the fact that the deviation of the measuring '

instrument M is then at a maximum. The impedance
between the terminals of the two Lecher sys-
tems is now ¢omposed of the connection in parallel
of Ry, Rs and the input resistance of system II
which we shall indicate by R’s. The magnitude of

this parallel connection can now be determined

with: system I by measuring 4’ (6] now being

‘ equal to.zero), and we can calculate R, from this

if we know the parallel connection of Rs; and R's.
Since R’s depends upon the length I of " the

VOL.'8, Noi-l <

auxiliayy Lecher system, the latter parallel con- -
nection must be measured at that length of U1 .

at which system IT is in resonance with Cy. This
can be done most simply by connecting with the
terminals, instead of Z,, a loss-free condenser the

size of which corresponds to Cy. Since at the wave -
- length considered here it will seldom be necessary
to .measure capacities of more than a few pF,
this auxiliary capacity may take the form. of two -

small metal plates a short distance apart. The

RN

adjustment of the capacity then takes place by

bending these plates.

The auxrhary Lecher system has still another -

function in the measurement. The diode voltmeter

is inductively coupled with the short-circuited end

of ‘the system. Since here also a relative meas-

_ urement of the hlgh frequence voltage is sufficient,

it is unnecessary to know the absolute value of
the voltage at the terminals of system I. It is thus

coupled with the short-circuited end of Lecher
system II (See ﬁg 6). At any length ly7 this vol-
tage is proportlonal to the terminals voltage of
the two systems. By applying this possibility of
setting ‘up the diode at some distance from the

~sufficient to measure the voltage between the ter-
minals m and n of a loop which is inductively.,

14

terminals of the Lecher system, various-struc-

nection of a -diode directly to these terminals.

the connections to the impedance to be measured
short when a diode is introduced at this spot.

" The inductive couphng of the voltmeter with the

~In particular it is generally very difficult to keep™ ~

short-circuiting bridge of system II makes it.

impossible to consider this system as being actu-
ally short- circuited. For this reason it is desirable

that the measurement not only of Cy, but also of s
R, should be carried out with the help of system I-

as descnbed above.

As has already been rndlcated there is always B

.



JANUARY 1946
,,‘al certain.
‘terminals, ‘owing  to which it would not be
-possible 'to use a length Ir which is appro-
_ximately a quarter wave length. In the variable

- .- length 1 of system II one has a means of com-

‘pensating these capacities, so that all the

Fig. 6. The diode voltmeter
* is connected to the ends m
.and n of a loop which is
- coupled inductively with
the short-circuited end of
“system II. The coupling . ‘.
with the measuring transmitter E is realized by the situation
of the ends of the two conductors p and ¢ at a short distance

from the connection terminals of the Lecher system. .

Fig. 7. Sketch of an varrangem‘eng for the measurement of iﬁlpedanées at wave lengths of o

. THE MEASUREMENT OF IMPEDANCES

" capacity - between the connection

- .

measurements can_therefore’ be carried out at a -
length I of Lecher system I which differs only -

little from a quarter wave length.

" The coupling of the source of voltage (measﬁi‘iﬁg T

transmitter) E with the measuring arrangements

can be carried out by placing the ends of the two -~
- conductors p and ¢ at a short distance from the
" connection terminals of the two Lecher systems
(see fig. 6). By a variation of this distance the coup--, *
-ling can be regulated according to need. In order
to keep the connections short the impedance to ~
be measured is not, as is represented in fig. 4a’
_ for the sake of simplicity, connected by means of

switches, but the object to be measured is soldered
directly to the terminals. ' ’ :

Fig.71is a sketch of ameasuring set-yp‘as describéd .

in the foregoing. The arrangement shown here is

used for impedance measurements at wave lengths.’
_of about 50 cm. : : N
Just as in measurements with a parallel.circuit, -

in those with a Lecher system -there is a lower

limit to the resistance Ri;which can be measure&s). -

At a small value of R, according to formula (6) a

large value of Al is necessary, and for a value of -

.

=gV

SN A

about 50 cm according to the principle indicated in fig. 6. In 6rder to show the construction
* clearly the shields f which surrounid the'Lecher systems are partially cut open. For the
meaning of the symbols I, I, p, ¢, m and n-we refer to figures 5 and 6. The two conductors
of each Lecher system are indicated by @; b are the short-ciréuiting bridges, which are
moved by means of the screw rods ¢ and the knobs d. e is a plate of insulation material.

: ) D is the zg_easuring diode." '




~ Al which may not be considered as small compared

with a‘quarter wave length formula (6) can no longer

be applied. The decrease of the wave resistance ¢,

which accordmg to (6) would also make possible -
the measurement of a smaller value of Ry, is often

~ .incapable of being realized, since for a small wave
' resistance the two conductors of the Lecher sys-
tem must be very close together, which usually
leads to mechanical difficulties. :
Resistances which are at least several times
smaller than the wave resistance can be measuled
- by connecting them with the measuring apparatus
“with the intermediate connection of a Lecher
system having the length of a quarter wave length.
As was stated in the article cited in footnote '5),
such a Lecher system may. be considered as a
transformer ‘which transforms an impedance Z

- into an impedance {*Z. A resistance which is

" a given number of times smaller than the wave
resistance ¢ is thus transformed with such a trans-
former into a resistance which is the same number

of times larger than the wave resistance’ Actually

the- introduction of this transformation Lecher

system comes down to the use of a Lecher sys-

tem-closed at one end one half wave length long.
It is obvious ‘that the precautions against the

occurrence of systematic measuring errors, which

were already mentioned in the case of measurements

at-wave lengths above 1 m, are-even more necessary
- 8) "An upper limit is set by the accuracy w1th which Al can
" be deternnned
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at decimetre wave lengths, Careful attention should
be paid to keeping the connections very short.

Where for technical reasons a connection cannot
be made short enough, in interpreting the results

l‘ . ’ :

[2] 7:

Flg 8. An 1mpedance Z whlch is smnll compm:ed with the '

wave-resistance ean be measured by the aid of a Leeher

. VOL. 8, No. 1

systemn.the lenght of which amounts to about half a wave .

length. The coupling of the measuring transmitters L; and
the connection of the auxiliary Lecher system IT take p]ace ‘

in the mlddle of the Lecher system I

of the measuremént account must be taken df'

the presence of this connection. With the very com-
pact absemblv which is necessary for decimetre
waves it is often impossible to introduce a con-
denser to compensate the self- mductwn of a. con-
nection. :
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AN APPARATUS FOR STROBOSCOPIC OBSERVATION

- v : . . byS L. deBRUIN

.

771.448.1:778.39 -

When a condenser is dlscharged through a gas-dxscharge lamp, a hnrht flash of short v

duration and high intensity is obtained. In this manner it is possible to make a source

moving objects.

of light which is suitable for stroboscoplc observatxons and for the photography of rapidly

-

Lo A description is given in this artlcle of a stroboscope developed by Philips, consisting
of a tube filled with rare gas as gas-discharge lamp and an electrical apparatus for the

- condenser discharges. The latter furnish periodically repeated current impulses of 2000 A

at time intervals which can be varied between 2 sec. and-1/250 sec. The llght flashes

. flux of 2X10% Dim (duration 10™2

hereby excited have an mtenmty of about 200 lumen seconds with a maximum Light
sec.). The period of the light flashes can be  synchronized

in many ways with the phenomenon to be investigated, so that numerous possxbxhtles
of apphcatlon exist, thch are lllustrated by means of a few examples

If one compares the performance of a p1ece of
modern optlcal apparatus with that of the human
eye it will be found that nature still leads techno-
logy in sensitivity, but that the technical devices

offer the advantage of a much higher velocity and

greater precision. The eye is unable to follow pheno-
mena which take place in less than 1/,, second.

"Rotational motions of more than 3 or 4 revolutions

per second can no longer be clearly seen, while in the .

case of translation at a speed of more than 5 m/sec,
seen from a distance of 1 m, the image already be-
comes so indefinite that there can be no questlon
of exact observation. k '

- Cameras with focal plane shutters can work
approximately 100 times as fast, and in this way
record phenomena which are invisible to direct

observations. The velocity of about 0.001 second.

- thus obtained still fails, however, to meet the re-

quirements made in many technical investigations.

With high-speed machines, for example, speeds up .

to 100 revolutions per second and translatory
motion at speeds of up to 100 m/sec are not excep-
tional. If in the latter case it is desired to fix

accurately the momentary situation of a part of
" a machine to within 1 mm, the_observation may
. not last longer than 107

sec, and the moment of the.
observation must also be fixed accurately to

) within 1075 sec.. r

A device commonly used to satisfy these require-
ments is the stroboscope. The action of the strobos-
cope is based upon‘the fact that it makes the objects
to be investigated visible or photographable only
at those moments at which the observation is

. desired. In the commonly occurring case in which

these moments are repeated periodically there are
simple devices. For example, a rotating disc with
holes distributed at regular intervals around the

circumference of a circle can -be placed in the
. , . L

entrance pupil of a-telescope. When this.disc is

‘rotated at the correct speed the successive holes o

will follow each other at such time intervals that -
the part of the machine which rotates or runs-back

-and forth has executed exactly one cycle in that -

interval and is back again. in the old position. The
moving object is thus, as it were, fixed. Instead
of fixing it, it may also be allowed to be displaced .
slowly, either forward or backward, by rotating
the disc somewhat .more slowly or more rapidly.

Another method of limiting the visibility of an
object to certain periodically repeated moments

consists in the use of a source of light which changes

in intensity periodically. When a moving object is

.. irradiated with such a.light source the strongest

visual impression. is received at certain moments,
so that by the correct choice of frequency and phase _
certain positions of the moving object can be
emphasized. This stroboscopic effect of a source
of light often occurs- unintentionally when a

‘machine which is driven by a synchronous motor

is illuminated with a lamp which is fed from the
same main as the synchronous motor. This pheno- .
menon is most pronounced with certain gas-dis- )
charge lamps, which emit a very fluctuating radia-

 tion when fed with A.C. In the case of the arc light

there is also a strong stroboscopic effect, while it’is
practically absent in th,e case of filament lamps.

‘In the case of non-perlodlc phenomena also the
use of an intermittent light source offers improved
possibilities of observation. A familiar experiment
is the observation of an induction machine-
(Wimshurst machine) by the light of the jumping
spark. The duration of the electrical ﬁashover is -
so short that the discs of the machine seem’ to
stand still. It is stnkmg that the inertia of the eye .
here forms no hindrance; apparently the eye can

_receive a visual impression within any given short
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time interval prov1ded the total amount of light
is sufficient and the eye has time enough after the
- flash to as51m11ate the impression. -

The light of a spark is also very sultable for -

' photographmg a moving object.- -In this way it is
easily possible to reduce thé exposure time to
107° or 107° sec. It is less ‘easy to ﬁx also with
this precision the moment at which the exposule
~ takes place. It depends upon, the nature -of the
phenomenon to be observed what devices must be
used; mechanical, photoelectrlcal or acoust1c devices
can be employed. -

. In the following an apparatus. wrll be descnbed
wh1ch is suitable for stroboscopic examination
in laboratories and factories. This apparatus, type
GM 5500, is so designed that a single flash as well
~ as periodically repeated flashes can be obtained.-
The . time interval between the flashes can be

: adjusted within wide limits, an(l.theygenerator.

which excites the flashes can be synchronized,with
‘the part of the machine to be observed. The: llght
intensity of the flashes is so great that the appa-
‘ratus can be used at-the - bnghtness normally

., present in a room in the daytime without hindrance"

. from the continuous light.

The flash lamp

~ As already stated above, the ﬂash of an electric
* discharge is used. Now for a permanent set-up it is

" undesirable that the spark should occur in air,”

because the, electrodes would be too -strongly -
attacked. The obvious solution is to use a rare gas
_instead of air. The spark gap is thus constricted
as a discharge lamp filled with a rare gas.
. The best-results were obtained with argon at a
» hlgh pressure. The higher the pressure, the greater
the intensity of the light of the flashover. A limit
_ is set“to the pressure by the requirément that
. the flashover voltage may not be too-high and
" that a reasonable Lifetime must be ensured for
- the lamp. - v
- The light of the high-pressure argon lamp is.a
bluish white and has a continuous spectrum w1th
a high photographic actinity. It thus shows some
" resemblance to-a water-cooled mercury lamp, which
could also be used as flash lamp. Howevér, due to
the fact that there is no necessity for water-cooling,
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but in part= also a: thermal .phenomenon, so’that -
there is a certain phosphorescence due to the heat
inertia of the Imercury vapour. -
After a detailed 1nvest1gatlon of the most -
“ favourable combination of gas pressure, Separation '

* of electrodes and tube dlmenslons, a lamp with very

good technical characterlstlcs was  successfully
designed. The flash time amounts to about 107°
sec; within this time an amount of hght of -200
lumen seconds ‘is- emitted and an‘energy of 2 W
sec. consumed; so that the specific light flux amounts
to 100 Im/W. This is about ‘the same efficiency as
can :be . obtained u'nder' favourable’ conditions
with a water-cooled mercury lamp of very high
pressure. -

The light flux durmg the flash is about 2 X 10°
Dlm with a current of 2000. A and a power of

1200 kW. In addition to these very high peak loads '

the lamp also receives a small continuous load in

.order to facilitate the breakdown. ‘The total energy

consumption -of the lamp. is about 75 W at, for
example, 25 flashes. per second. . S
v, The tubé of the'lamp consists of quaitz- and is -

mounted in a nitrogen- -filled bulb. The nitrogen’ ~ '. .

filling is necessary, since with air filling the
exterior of the hot quartz tube would be attacked

* by the atomic oxygen which is formed due to-

the ionizing actlon of the ultraviolet ‘radlatlon of
the lamp ‘ . -
- The rear of the bulb is covered on the inside with' .
a, mirror and concentrates the light beam in ‘a
relatively small solid angle, so that an amplifi-

.cation of the illumination of about 75 times is’

obtained in the axis of the beam. At a distance of
2m from the lamp the peak value of the 1llum1natlon
intensity " at the axis is about 107 lux, whlch is

sufficient for photography even with a strongly L :

d.laphragmed lens in the available time of 1075 sec.
The photographs given further on in this article
were made with diaphragms F/16 F¥/22, so that

it was possible to place the camera close to the o

‘object and still obtain’ great depth of focus. : :

In fig. 1 the stroboscope is shown. The lamp is .

mounted in a rotating holder which is connected
by means of a high- -tension cable with a cabinet

on wheels containing the electrical apparatus. The . - -

light - distribution of the - stroboscope lamp is

“the drgon lamp is easier to handle and, moreover,- reproduced in fig. 2.

possesses various advantages compared with the

y mercury lamp: it is always ready for use, while in
‘order to obtain the necessary vapour pressure the -

'~ ‘mercury lamp must first be warmed, and it has a
shorter ‘flash time, since “the light .emission of the
mercury lamp is not only an electrical phenomenon

The electrical apparatus

From, the description of the flash lamp it has -
become apparent that the electrical apparatus -
must furnish current impulses of 2000 A’ and with
a duration of 10 sec Dependmg upon the appll-' )

’
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Fig. 1. The Philips stroboscope GM 5500.

cation it may be desirable to obtain single or perio-
dically repeated discharges, while in every case it is
important to be able to synchronize the moment
of the breakdown with the phenomenon to be
observed.

For feeding the flash lamp we use connections
with a relay valve which is ignited by a voltage
impulse at the moments at which the discharges are

°80° 70° 60° 50° 40

-
20°
_ 19° L
6% Iy | |
=1 L I
{ 15|
0° :
JHaoe
30°
\ ‘\ el
40_".\'_;_6“
30° 80° 70° 60° 50° ., 40°

Fig. 2. Distribution of the light intensity of the stroboscope
lamp, 1) with a clear, 2) with a frosted bulb., The rear wall
of the bulb is covered with a mirror in both cases. The scale
of curve 2 is 10 times as large as that of curve I, so that the
maximum light intensity for the clear bulb is about 30 times
as great as for the frosted bulb.

STROBOSCOPIC OBSERVATION 27

required. The frequency
at which these impulses,
which are excited by a
are
repeated can be regulated
between 0.5 c¢/sec (30
impulses/min). and 250
c/sec (15000 impulses/
min). Moreover, it is pos-

separate generator,

sible to synchronize the
impulses with a voltage
led in from the outside.
the
contains an electrical fre-

Finally apparatus
quency meter which is
coupled with the control
generator.

We
successively

shall now describe
the chief
components of the appa-
ratus.

The supply generator for
the flash lamp

The connections for the
supply generator for the
flash lamp are given in fig. 3. Via a charging resis-
tance R, a condenser C, is gradually charged to
600 V in order to be discharged again at certain
moments via the relay valve and the flash lamp A4,
producing thereby the required current impulses.

As already discussed, the relay valve must be
able to deal with several thousand amperes, while
the average current amounts to less than 1 ampere.
Taking into account these very abnormal conditions
of use, a valve of special construction was designed
and is shown diagrammatically in fig. 4. In connect-
ion with the low average load the dimensions
of this valve were chosen relatively small, so
that at each breakdown the electrodes are heavily
overloaded. This overloading however, has no
harmful results since both electrodes consist of
mercury. Only an intense evaporation of the mercury
occurs during the current impulse. The vapour

R, 0 G
+ —AnUl— I

(it

Fig, 3. Connections for the supply of the flash lamp 4 by
means of a condenser and a relay valve.
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condenses in the glass domes over the electrodes
and the condensed mercury drips back to the
electrodes.

For the ignition of the relay valve an auxiliary
electrode h is introduced at the cathode side, which
upon application of a voltage impulse (about 8 kV),
causes the occurrence of a cathode spot and thus

~

i

h

l/
L I
|

41900

Fig. 4. Construction of the relay valve for the supply of the
flash lamp. The electrodes are of mercury and can tolerate
short-lived current impulses of 2000 A. For the ignition of
the valve a voltage of a few thousand volts must be applied
to the auxiliary electrode h.
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initiates the discharge. The condenser is then dis-

charged via the relay valve and the flash lamp,

whereupon the relay is extinguished. If due to the

current supplied via the charging resistance R,

the relay valve should continue to burn, it may be

extinguished by practically short-circuiting it during

a short time by means of the switch S,.

According to the employment of the stroboscope
there are different ways of synchronising the vol-
tage impulses which serve to ignite the relay valve,
namely:

a) with the AC voltage of the supply mains,

b) with an AC voltage or voltage impulse of about
50 V from the outside,

c) mechanically, by breaking a contact,

d) mechanically, by making a contact; this is also
used for electrical synchronization with a single
voltage impulse.

In order to obtain the synchronization voltages
in the case of non-periodic phenomena, use may be
made of a microphone or a photocell. Since these
apparatuses only give minimum voltages or
currents, it is of course necessary to employ a
suitable amplifier.

As an illustration of this method of procedure
a sct-up for the photography of the collision between

Fig. 5. Arrangement for photographing the collision between tennis ball and racket with the
help of the stroboscope. The illumination is synchronized by means of a microphone.
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a tennis ball and a racket is reproduced in fig. 5.
The synchronization is here obtained by means
of a microphone which reacts to the ping of the
collision. The greater the distance between racket
and microphone the greater the diflerence in time
between collision and moment of exposure. This
may be seen in fig. 6: exposure a) was made with a
distance of only a few decimetres, while in the case
of exposure b) the distance was more than a metre.
In the first case the momnent of contact was ve-
corded, while in the latter case at the moment of
exposure the ball had already rebounded several
centimetres.

The frequency metre

In order to he able to control accurately the
number of {lashes per second furnished by the
stroboscope, the apparatus is provided with a
frequencymeter. This instrument measures the
frequency indirectly by indicating the average
charging current of a condenser which is discharged
at eacli flash through the gas triode, to be charged
again afterwards to a certain voltage. Fig. 7 shows
the principle of the connections.

The gas triode of the frequencymeter is con-
trolled by voltageimpulses which are taken from
the same impulsevoltage of 8 kV with which the
relay valve of the supply gencrator is controlled.
In addition to this impulsevoltage there is also
on the grid of the gas triode a negative bias of such
a magnitude that in the absence of an impulse no
breakdown can occur. Since at every breakdown
the condenser is almost completely discharged, the

a b

Fig. 6. Two photographs of the collision between tennis ball
and racket.

a) Distance of the microphone a few decimetres;

L) Distance of the microphone several metres.
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average current through the gas triode is equal
to the charge of the condenser multiplied by the
frequency of the voltage impulscs. This current is
indicated by a rotating coil instrument which is
calibrated directly in number of flashes per
minute.

i o

M)

1l
L

|

41942

Fig. 7. Connections of the frequencymeter. The gas triode
is blocked by a high negative voltage and only breaks down
when a voltage impulse acts on the terminals which are
connected with the output of the control generator. The
meter M measures the number of discharges per second of
the condenser.

Applications

In visual observation the stroboscope is especially
suitable for rapid, often orientating observations.
With the help of the frequency meter the fre-
quencies of vibrations or other periodic move-
ments can be determined. Interesting phenomena
which occur in a certain phase of the motion being
investigated can be recorded photographically,
while photography is also capable of furnishing
information about events which occur only once.

It is often possible immediately to interpret
the photographs quantitatively. In the case of the
examples discussed in the following, however, we
shall omit this and only use the photographs for
the characterization of the object observed.

Cavitation of ships’ screws

In shipbuilding it ‘is important to adapt the
dimensions and shape of the screw to the entrance
velocity and the static pressure of the surrounding
water in order to avoid “cavitation”. Cavitation
is the phenomenon which takes place on the sur-
face of the screw when locally and temporarily
such a low pressure occurs that vapour or gas
bubbles occur. These bubbles may implode on
the surface of the blade of the screw, which is then
exposed to the water hammer effect which may
result in serious erosion of the material of the
screw

In order to study this phenomenon and to deter-
mine experimentally the best shape for the screw,
models of screws are studied in a flow channel in
which, by regulation of the velocity of the water,
the water pressure and the number of revolutions,
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the phenomenon of cavitation can be faithfully
reproduced and its influence on the driving pro-
perties of the screw can be measured. This “cavi-
tation tank” is provided with glass observation
windows through which it is possible to illuminate

a

VOL. 8, No. 1

by observing the machine in action with the help
of a stroboscope lamp. Fig. 9 is a reproduction of a
photograph which was made during such an in-
vestigation. This single photograph, which shows
only one of the teeth in action, is naturally insuf-

b

Fig. 8. Ship’s screw in cavitation tank. a) Strong cavitation, b) no cavitation. The bright
line in b) indicates the top spiral of the screw. The photographs were taken in the Naval
Shipbuilding Testing. Station in Wageningen.

the model srew stoboscopically and to observe and
photograph the phenomenon of cavitation. Fig. 8a
shows a ship’s screw with strong cavitation, while
in fig. 8b a screw with no cavitation is shown.
The bright spiral line seen in the latter case is the
top spiral of the screw.

The cutting by the teeth of a planing machine

In testing a planing machine it is important to
know whether all the teeth take an equal share in
the cutting process. This can easily be ascertained

Fig. 9. Instantaneous photograph during the observation of
a planing machine with the help of the stroboscope.

ficient to permit the drawing of the desired con-
clusions.

Investigation of internal combustion motors

In the case of high speed machines the stroboscope
may be useful in checking certain parts. As an
example a photograph is given in fig. 10 of the valve

Fig. 10. Photograph during the observation of the valve
springs of a Diesel motor with the help of the stroboscope.
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Fig. 11. Photographs of
water jets with light flashes
from the stroboscope lamp.
a) Jet from a faucet,
b) jet from a douche.

Fig. 12. This photograph
was made for the sake of
comparison with fig. 1lla
with the help of a photoflash
lamp. The flash time of the
photoflash lamp is found
to be many times too long
for a sharp photograph of
the foam.

Fig. 115

springs of a Diesel motor. The stroboscopie observation of the
valves springs is important, because, due to phenomena of inertia,
the phase of the opening and closing of the valves may deviate
at high speeds from the phase adjusted with the motor stationary.

Observation of liquids

In certain applications of the stroboscope no synchronization
of the light flash is necessary and particular advantage is drawn
from the short exposure time. An example of this is the inves-
tigation of water jets, illustrated in fig. I1a and b by the com-
parison of the jets of a faucet and a douche. It can clearly be
seen that the foaming water from the faucet consists entirely
of bubbles, which cannot be distinguished in the photograph
reproduced in fig. 12 taken for the sake of comparision with a
photoflash lamp.

A practical application is found in the investigation of jets
of liquid in the lubrication of machines for metal working.
As an example in fig. 13 a photograph of the lubrication of a
centreless grinding machine is reproduced. It may be seen that
the lubrication liquid is blown aside by the wind from the
grindstone and thus does not flow over the grindstone as was
intended. This observation led to a change in construction.

‘Other applications

In addition to these examples there are, of course, numerous
other possible applications of the stroboscope. An extensive
field is formed for examp'e by the high-speed machines of the
textile industry, such as spinning machines, looms, sewing
Fig. 12 machines, etc. A less obvious possibility of application is in
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Fig. 13. Cooling of a centreless grinding machine. The lubricant
is blown aside by the wind from the rotating grindstone.
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material testing, where advantage can be taken of
the possibility of photographing at exactly the right
moment, with the help of the stroboscope lamp, the
very rapid process of the breaking of a piece of work.

In order to illustrate this possibility we reproduce
as a final example in fig. 14 an electric light bulb
being broken with a hammer. The synchronization
in this case was mechanical, by means of a thread
which gives the synchronization impulse at the
moment that it is broken by the descending
hammer.

Fig. 14. Smashing an electric light bulb with a hammer.
The synchronization of the photo was by means of the breaking
of the thread which is fastened to the handle of the hammer.
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When in 1929 there first appeared on the market

a . practically useful X-ray tube w1th rotatmg
-anode — the “Rotalix” tube developed in the
Philips laboratory ') — it meant a big step ahead
in the quality of the X-ray photographs which
could be made in the medical diagnosis of moving
organs such as the heart and lungs. In the case of
moving objects short exposure times are of course
desired. Thus for'a given blackening of the film a
high X-ray intensity is required, and that requires
a high specific loading of the focus of the X-ray
tube, since that focus must be kept small for the

~ sake of a small half shadow (geometrical lack of
sharpness) in the X-ray picture. The specific focus
loading is limited by the temperature of the focus,
which rises during the time of loading and which
may not exceed a certain value because of the eva-
poration of the anode material. Because of the fact,
that, in the case of the rotating anode, each point

on the surface of the anode serves as focus only for

a small part of the total exposure time, the specific
loading of the focus can be made considerably
higher than in the case of a stationary anode.-With
exposure times of less than about 0,04 sec,. as-was

discussed previously 2), ‘the  theoretically. attain-

v

1) A. Bouwers, Verh. deutsch. Rontgen-Ges. 20, 102, 1929,

~and welght could” be reduced con51derably compared w1th prevmus constructlons The
: ,,;an‘ode consists ‘of a d1~c of sohd tunrrsten, while in the ongmal ,,Rotahxt, tubes ‘the atiode "
whi a Block of copper with a th.m layer of tungsten on $ front surface' The detalled drs-
_ cussron of the advantages “and” drsadvantages of the two constructlons presents an oppor- .
- tumty of dealmg Wwith-a number of typlcal problems connected mth the. rotatmg annde NPT

. rontgenography of moving organs; such as the heart and lunnrs Whlle, however, for phnto s oo
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graphs of heart and lungs only low tubes “voltages (< 70 kV) and short Ioadmg tlmes are . - -
", requlred “for other dragnostlcal appllcatmns (especmlly for exammatlons of the stomach’) .
- -the- X-ray tube w1th’rotatmg anode_ must also be able to’ be operated at very hrghf'tube“"
te » voltages (up to’ 100 kV) and be loaded contmuoualy w1th 150 W A type of tube w1th a’
s _rotatmg anode is here descrlbed*whlch ‘satisfies all the§e reqmrements very well Due to
' the fact. that the tube, whrch is entuely of hard glass, is, 1mmersed in il -its dm:\ensmns

-
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able improvement in the spec1ﬁc loading amounts
to a factor ‘

= V2mrmff . . . L )

r is here the radius of the path of the middle of
the focus, n the nuhaber of revolutions, ¢ the time
of exposure and f the width of the focus. The
practically attainable improvement factor is some-
what smaller for various reasons, than follows from
the formula: with a ““Rotalix” tube of the original
construction, with r = 2 ¢m, n = 2900 r.p.m. and
f = 2 mm, for an exposure time of 0.04 sec., -
p=28 to' 9. E
The result of this 1mprovement in the specific
focus loading in the case of photography of moving
organs meant approximately a reduction by one
half of the lack of definition of the X-ray picture
(with the same contrast), since this lack of definition

. . . 8 :
is practically 2) proportional to }p, when one works
under the optimum exposure conditions. Diagnos-

?) See: J. H. van der Tuuk, The “Rotalix” Tube for
X-ray Diagnésis, Phlhps techn. Rev. 3, 272, 1938.

The arguments given here very briefly will be found in
more detail in” that article.

3) See for example the explanation of the optimum exposure
conditions in: A..Bouwers and G. C.E. Burger, X-ray
Photography with the "Camera, Phlhps techn. Rev. 5,

. +255,-1940. .
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tically this improvement in definition was so valu-
able that the photographs obtained with a tube
provided with a rotating anode.could be said to
be of a higher class. .

It would appear from formula (1) that the factor
p can be made still larger, for instance by giving
the anode a larger diameter and making it rotate
more rapidly. However, the additional improve-
ment, which can practically be obtained in this
way is relatively small compared with that already
achieved, since p increases only proportionally
with rn. Alarge increase in the specific loadability
is not readily possible, while the necessity of a
slight increase cannot at present be considered to

be actual, since in order to guarantee optimum .

exposure conditions the photographic industry would
have to increase considerably the sensitivity and
the fineness of grain, respectively of the combination
X-ray film plus intensifying screen 3). It is thus

2
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tively low (45 to 70 kV) and the tube is always
loaded only for a short time. It soon became evident,

- héowever, that the tube with rotating anode should

also be able to be used for. other diagnostical pur-
poses, especially for stomach exposures and for
fluorscopy, since doctors usually prefer to carry
out all those examinations with the same tube °).
The tube therefore had to be made suitable also
for the high voltages (up to 100 kV for example
or even higher) necessary for stomach photography
and for relatively heavy continuous loading (100 W
and sometimes even 200 W), while in connection
with easy adjustability for the different kinds of
exposure, the dimensions and the weight of the tube
had to be limited as far as possible.

In this article we shall give a description of a new
»Rotalix” tube developed in recent years. It will
be shown how and to what extent the above-
mentioned requirements are satisfied.
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Fig. 1. Diagram of the cross section of the new ,»Rotalix” tube. K filament, F focus on
the anode A4 which consists of a solid tungsten disc. The latter is fastened by means of a
molybdenum connecting piece ¥ to the copper rotor R which turns in two ball bearings
L in the anode support H and is driven by the stator S. Fe is an iron ring for the purpose
of concentrating the lines of force in the rotor: Z blackened snrfaces for better radiating
the developed heat. The anode support and the ball bearings remain practically cold,

.- is applied.

understandable that the different types of tube
with rotating anode which have been developed
" since the beginning ) do notaim primarilyata further
increase in the specific loadability. of the focus.
The new constructions are characterised rather by a
tendency towards greater simplicity and security
of operation and towards an extension of the possi-
bilities of application. As concerns the latter, it
may be noted that the ,,Rotalix” tube was originally
intended for the photography of heart and lungs,
where it is mainly "a question of a high specific

- focus loading, while the tube voltages may be rela-

4) See for example A. Ungelenk, Fortschr Réntgenstr.
49, 162 1934, '

which is essential for a good working of the bearings. Behind the cathode a barium getter

Main characteristics of the new ,,Rotalix” tube

Fig. 1 shows asimplified cross section of the tube.
The anode in this case consists of a disc of solid..
tungsten fastened by means of a short molyb-
denum connecting pfece to a copper rotor. This part
of the tube is surrounded externally by a stator
fed with polyphase current which furnishes the
motive power. In fig. 1 may also be seen the fila-
ment excentrically opposite the outer edge of the
rotating anode disc. The (primary) electrons emit-

5) In stomach examinations it is essential that the tube
can also be used for fluorscopy. Fluorscopy and photo-
graphy here follow one another xmmedmtely, as will be
discussed later.
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ted by the filament are focussed on the anode. The

tube wall is made of a special kind of hard glass
-which is very resistant to the bombardment by the
secondary electrons which are emitted by the
anode ®). The whole tube is housed in an earthed
metal jacket which .prote(‘:ts the operator from
contact with parts carrying high voltage and helps
to cut off the X-rays in undesired directions.
(see fig. 2 and 3). The jacket is filled with oil.
When we compare this construction with that

~ROTALIX TUBES” A 35

and the earthed housing. While the older tube with
housing was 83 cm long and had a maximum width
of 22 cm, in the tube according to fig. 2 these
dimensions could be reduced to 46 en 14 cm, res-

. pectively. The new tubes are adopted in all respects

to voltages of up to 100 kV. It is also of importance
that the breakdown resistance is ensured inde-
pendent of atmospheric conditions. Tubes in -air,
which are intended for use near sea level, cannot
in general be loaded with the highest voltages in

90° verschoven

/

4

. ¥ig. 2. The B tube of fig. 1. mounted in the metal housing § is ‘the stator. At K and K, are

B - the connections for the high-voltage cables. U accordior sheped box for sealing off the
- oil-filled space. Because of this shape the oil can expand when warm without appreciably

increasing the pressure. If the temperature of the oil rises above a certain value, the com-

* pression of U closes a switch M which switches off the supply voltage of the X-ray tube. D is

a cup made of insulation material (shifted about 90° in position in the drawing) which

keeps the oil away from the spot where the X-raysleave the tube. In this way the absorption

of the useful X-rays by the oil is kept as small as possible. By making the tube wall and

the thickness of D small, the filter of the tube with housing is kept small, namely

less than corresponds to a thickness of 1 mm of aluminium. The housing is made of iron

with a thin lead covering on the inside co prevent the passage of X-rays.

of the older “Rotalix™ tubes, which have already
been described 2), there are two obvious differen-
‘ces. The older tubes’ were swrrounded by air in-
stead of by oil; and the anode had an entirely
different construction. It consisted of a heavy copper
block upon the front of which was fixed a thin
layer of tungsten (lozenge) and whose rear side was
. provided with special cooling jackets.

The immersion in oil has certain important advan-
tages®). Due to the high break down resistance of the
oil it was possible to use relatively small insulation
distances between the poles and between the latter

%) Cf. also: J.I H. van der Tuuk, Hard glass X-ray Tubes
. in Oil, Philips techn. Rev. 6, 309, 1941.

’

the mountains (sanatoria), since at the lower at-
mospheri¢ pressure the breakdown resistance of
air is lower. In spite of the oil filling the total
weight (17.5 kg.) of the new tube with housing is
still appreciably lower than that of the tube with
air insulation. '

The insulation by means of oil also has advan-
tages in the driving of the rotating anode. In order
to use as little power as possible for that purpose,
the ,,air slit” between the stator and the rotor at
high voltage should be as narrow as possible. A
possible solution ), and the one used in the case of air-
insulation, is to have the stator with its windings

‘at the same high potential as the anode. A special

transformer is then necessary for the feeding: one
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with a secondary winding which is insulated for
high voltage. Placing the tube in oil, however,
makes this complication entirely unnecessary,
since even with the stator earthed, the air slit can
be made very narrow with no danger of flashover
from the glass wall, so that only 500 W during 0,5 sec.
are necessary to start the rotor. In the case of the
previously described ,,Rotalix™ tube, thanks to the
practically earthed metal intermediate section, an
,.earthed” stator could also be employed, but in
that case about 1100 W during 0,8 sec. were neces-
sary just to reach the desired number of revolutions
(because of a greater moment of inertia of the rotor
and a wider air slit).

Finally the oil immersion facilitates the cooling
during continuous loading to no small degree.
Because of the good heat transfer by the oil, the
temperature of the tube wall and the insulation
material remains low enough, even though the
dimensions of the tube are small. Furthermore,
due to the natural flow in the oil, the heat is uni-
formly distributed over the whole housing so that
with the relatively small dimensions of the type
shown fig. 2 a power of 150 W, continuous, can be
dissipated. Even for the intensive diagnosis of the
stomach, this is practically always sufficient.

Let us now pass on to the second distinguishing
feature of the new type mentioned above, the
construction of the anode. The use of a tungsten
disc instead of the combination of copper, with
a thin lozenge of tungsten means a simplification
in various respects. However, a comparison be-

Fig. 3. The new ,,Retalix”-tube in its housing. the whole
having a length of 46-can. The housing is in a clamping-strip
turnable around its axis. The leadglasstube, through which
the X-rays pass, is visible. The housing is of special finish with
built in cooling spiral, by which the power could be increased
to 600 W. Besides the contacts for the high tension cables
rubber tubes can be seen for the leading in and ont of the cooling
water, The normal construction, intended for 150 W, does not
possess a cooling spiral.

VOL. 8, No. 2

tween the two types of anode is not complete,
simply by mentioning this fact. The transition
to the construction now employed involved a give
and take, and it is quite comprehensible that the
older construction will continue to be preferable
for certain special diagnostical purposes.: It seems
worth while to go somewhat more deeply into the
problems here concerned, especially because the
specific problems of the rotating anode are thereby
strikingly emphasised.

The tungsten-copper anode

The main reason, why the combination described
of tungsten and copper was chosen for the anode of
the original ,,Rotalix” tubes, was the desire to
attain the highest possible specific loadability of
the focus. The accelerated electrons must in any
case impinge on tungsten, since that metal com-
bines a very high emission of X-rays with a very
high melting point. The highest focus temperature
permissible for a short time is about 2500 °C for
tungsten. When it is a question of the heaviest possi-
ble loading, it is not only that the focus must be
able to stand a high temperature, but the heat
developed on the focus must be conducted away, as
quickly as possible, to the inner, cold parts of the
anode mass. The anodematerial must therefore
be a good heat conductor. Tungsten itself is not a
bad conductor. Copper, however, is more than twice
as good a conductor, so that the loadability will be
increased when the anode material, as close as pos-
sible,behind the focus is not of tungsten but of copper.

Closer consideration shows that this reasoning
it still somewhat too simple. The tungsten layer
cannot be made arbitrarily thin, since the copper
directly behind it must not become hotter than
a maximum of 1000 °C (meltingpoint 1080 °C).
The minimum required thickness of tungsten can
be determined by considering the variation of
temperature in a longitudinal cross section of
the anode, when the extremety of the cross
section lying in the front surface of the anode
(x = 0) is exposed to the beam of electrons from the
moment t = 0 to ¢t = ¢;,. Here ¢, is the time, during
which the anode rotates one width of focus farther;
thus with the above mentioned values of r, n and
J> t is 0.00033 sec. At each point the temperature
will first rise and then, after the loading has ceased,
it will fall again as the heat is conducted farther
away toward the inside of the anode. If we now
plot the maximum increase in temperature T,
which is reached in every separate point, we obtain,
with a solid tungsten anode, a curve like that repro-
duced in fig 4a. The load is there assumed to be such,
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that the maximum temperature increase of the
focus itself (x = 0) which occurs at the moméent
t =t;, possesses exactly the highest permissible,
value. It is now clear, that the anode can only
consist of copper beginning at a certain depth x;,
for which the maximum temperature ever occur-
ring is not more than 1000 °C. Since, as will appear
later, we must count on a basis temperature of for
example 450 °C for the copper, we can find x,, in
the figure as the point where the curve @ has fallen
to T = 550 °C. In that way we find that, according

“to this curve, the tungsten layer must extend at

least to a depth of 0,2 mm. If we now draw the
‘temperature distribution in the longitudinal cross
séction at the moment 7, at which the loading is
interrupted and the focus reaches its highest
‘temperature, we obtain curve b of fig. 4. This
shows that, at that moment only, very little (5%)
of the total heat applied penetrated deeper than
0.2 mm into the body of the anode. The maximum
temperature of the focus will therefore scarcely
be affected, when, the rest of the anode behind the
first 0.2 mm is made of copper instead of tungsten.

We thus reach the unexpected conclusion that
the employment of the copper would offer no

Cc T
(1) ==~
2000

1000 .

Eigetron E‘}{////}////{//{o}/////////////:m
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Fig. 4. Temperature distribution over a longitudinal cross
section of the anode. The increase of temperature T' above
the basis temperature (T;) of about 450° C is plotted as a
function of the depth x beneath the focus. @) Maximum
temperature ever occuring during or after the loading; anode
of solid tungsten, loading from z=0 to t;, = 0.00033 sec.
(i.e. the time during which the focus is displaced by its own
width), such that the focus (x = 0) takes on the highest
permissible temperature, (T; = 2500° C). b) Temperature
at the moment ¢,, at which the loading ceases. ¢) Temperature
at the moment t, = 0.02 sec. i.e. after one complete revolution;
full-drawn line: anode of solid tungsten, broken line: anode
of copper from a depth of 0.5 mm. (All curves borrowed from
W. J. Oosterkamp, Thesis, Delft 1939). ’

?) Those considerations are borrowed from: W. J. Qoster-
~ kamp, thesis Delft, 1939.
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advantage with respect to loadability. This is,
however, true only when the exposure time is
so ghort that the anode does not make morethan
one complete revolution during the loading, thus
for exposures of less than #, = 0.02 sec. If theloading
lasts longer each point on the surface of the anode
is struck not once, but repeatedly by the beam of
electrons. Since' in the time interval between thé

first and the sécond loading the .temperature of

each point in the orbit of the focus does not de-
crease from the maximum T, = 2500 °C t6 the

initial temperature T, = 450 °C, but only to a

certain value T, > T, the second loading must

be lower, the third still lower, etc. The advantage

of the copper now becomes evident. In the time &,
which, with the above-mentioned value of r and f;

is about 60 times as long as t;, the greater part of
the heat (>80%) penetrates deeper than 0.2 mm

into the anode. The temperature increase To,—T,
remaining after the first revolution is thus practi-

cally entirely determined by the properties of the

more deeply lying material, and is therefore, when

coppet is chosen, only half as great-ds with a solid

tungsten anode, namely about’ 60°. Curves ¢

in fig. 4 give the temperature’ distribution at the

moment t,; with solid tungsten (fullline curve)

and with copper from a depth of 0.5 mm (broken-

line curve). S ,

With exposure times of the order of 0.05 to for
instance 3 sec., the copper in this way givés an
appreciable improvement in the permissible loading.
Much longer exposure times scarcely occur in the

' use of tubes with rotating anodes in ordinary X-ray

diagnostics. It may, however, happen that a large
number of successive exposureés of a moving object
must be taken at short intervals (riint'gen_‘cinc'l,ﬁato-
graphy), which- amounts to total loading: times -of
for example 20 sec. or more; With such long times,
the hedt developéd on the front surface of the anode ‘
penetrates not only té the inside, but even'to:the

" rear side of the anode, in' other words, the neces-

sarily limited diménsions and "the ‘consequéntly
limited heat capacity of the anode now’begin-to

‘make " themselves felt. The residudl temperature of

thé focus, which steadily increases with increasing
loading time, will therefore increase even ‘more
rapidly and the permissible loading will decrease

‘even moré rapidly. If; in order to'be able-to use the

tube for cinematography, it is desired to make the
heat capacity of the anode fairly large, it is there-
fore fundamentally of advantage to use-copper.

" Copper is much cheaper than tungsten and,.for the

same heat capacity, only 3/4 of the volume and 1/3
of the weight of copper is needed, ’




If we go a step farther with the loading time we
enter the region of fluorscopy, where we may
speak of continuous loading. The power which
can here be applied is no longer determined by ihe
focus temperature but by. the temperature taken
on by’ the anode as a whole38). It is now found that,
when copper is used, there are definite limitations:

for a copper anode covered with tungsten the

permissible temperature lies much lower than for a
solid tungsten anode. While for the copper imme-
diately behind the lozenge it amounted to about
1000 °C for a very short exposure in the case of
continuous loading of the whole anode mass a
temperature of not higher than about 450 °C (the
basis temperature assumed above) is permissible,
since at higher temperatures all kinds of undesired
things take place: recrystallisation phenomena
occur in the copper, the mechanical strength de-
creases, and the requirements are fairly high in
that respect because of the rapid rotation, too
much vaporized copper enters the tube (the vapour
pressure of copper at 850 °C is already 1075 mm;
the vapour pressure of the copper oxide from
various sources is even noticeable at 500 °C) and
finally traces of residual gases may be frecd from
the anode. The latter may be ascribed to the

fact that, during the evacuation and outgassing .
of the tube, the temperature may not be raised -

" too much because of this very restriction in the
permissible temperature of the . copper. Now
since the dissipation of heat by the anode, which
rotates in a vacuum, can only take place by radia-

tion, and since the radiation increases with the

fourth - or- fifth power of the temperature, the
restriction of the basis temperature of the anode to
450 °C makes it difficult to reach an adequate power

for ﬂuorscopy Only by employing the fairly compli-

cated construction, which has been described in the
articles already cited 2), and which consists in
an artificial enlargement of the radiating surface
of the anode and an improvement of its emissivity,
was it possible to increase the heat dissipation and
thereby the ﬂuorscoplc power to reasonable value.

The combination of tungsten with copper was
accompanied by another complication. The brief,
very high specific loadings result in corresponding
high temperature gradients and mechanical ten-
sions in the rotating anode. These make necessary
a special solution of the problem of joining the
tungsten lozenge to the copper (as was also dis-
cussed in the article citéd ) a solution which made

8) See the communication of G. C. E, Burver Hand. Ned.
Nat. Gen, Congr. 1943 p. 286. - -
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very heavy demands on construction and fabri-
cation. ~

The tungsten anode

The smphﬁcatlons resultmg from the use of
tungsten alone for the anode are .obvious. No pre-
cautions are necessary to keep the basis temperature
of the anode low with continuous loading. The
anode can be rigorously outgassed during fabri-
cation, which promotes particularly the safety
from high voltage of the X-ray tube?). The problem

. of attaching the tungsten lozenge nolonger exists.

From the foregoing it will have become clear that
certain sacrifices must be made for these simpli-
fications. We shall discuss these in somewhat more
detail. .

With exposure times shorter than the period of -
one revolution of the anode (< 0.02 sec.) the
loadability of a tungsten anode, as we have seen
above, will not be appreciably smaller than that
of a tungsten-copper anode of the same radius and
speed of revolution. With longer exposure times
where the permissible loading falls as a result of
the residual temperature upon repeated loading
of the focus, the tungsten anode cannot compare
with the tungsten copper anode. With for instance
0.1 sec. the loadability would amount to only
about 809, percent of that of the tungsten-copper
anode, as calculation will show. Since exposure
times of this order of magnitude are in practice the
most important, the tungsten anode has been given
a larger radius (r = 3.0 cm); the loadability, which
according to equation (1) increases proportionally
with }/7 (this is approximately valid also for times
of the order of 0.1 sec. although- strictly speaking
equation (1) is no longer valid here), is therefore
the same for the two types of tube for exposures of
from 0.1 sec. to about 2 or 3 sec. For shorter
exposure times the tungsten anode, because of its
larger radius, is now somewhat at an advantage,

- as may be seen from fig. 5. -

It must- also be mentioned that the transverse
dimensions of the tube with housing, inspite of the
larger diameter of the anode in the new ,,Rotalix”
tube, are not larger, but are even smaller than
those of the old tube, thanks to the employment of
oil insulation.

‘When we consider the further course of the curves
in fig. 5 we see that the tungsten anode, which is
now equal to the tungsten copper anode (of smaller
diameter) from about 0.1 sec. to about 3 sec. is

?) It may be mentioned that this has aided to make possxble
the driving of the ,,Rota]nx”—tu.be on A.C. We¢ hope to
return on this question at another opportumty,
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much inferior at still longer exposure times. This is
due to the much lower heat capacity of the tungsten
~ anode. The tungsten copper anode of the old “Ro-
" talix” has a weight of more than 1 kg, for the same
heat capacity the tungsten anode would, as stated
. above, need to be three times as heavy. Apart from
the fact that the employment of 3 kg. of tungsten
is unnecessary for our purpose and would accord
very ill with the aspiration toward limitation of
expense and weight, the present position of tech-
. nology would make it practically impossible to
_make a block of tungsten of that weight with the
desired good mechanical properties. The high
melting point which among other properties renders
tungsten so particulary suitable as material for
anti cathodes, however, also-makes it impossible
to prepare massive tungsten objects by the ordinary
metallurgical processes, namely fusing and casting.
The methods of powder metallurgy must here be
. applied 19). Pure tungsten in powder form, prepared
chemically, is pressed into a rod which is then
heated - to a high temperature for some time
(presintered and sintered). After this sintering,
“which is accomplished by heating with an electric
current conducted by the rod, the ductility neces-
sary for further working and application is obtained
by means of a mechanical treatment. Finally the
material can be rolled to a sheet from which the
anode disc can be cut. The mass of the disc thus
obtained is therefore determined by the amount
of tungsten powder which is originally used for
pressing and sintering. The amount which can be

treated at one time is limited for various reasons,

kW,
40t

30}
20F

10t

50 100 sec
> . 45451 -
Fig. 5. Loadability (in kW) as a function of the loading
time for a tungstcn-copper anode (full-drawn line) and a
tungsten anode (broken linc). Loaded’ with pulsating direct
current obtained with four values. The diameter of the anode
at the middle of the focus is 4 cm with the tungsten-copper
anodc and 7 cm with the tungsten anode. The basis tempera-
ture is 450° C in the first case and 800 °C in the second. The
speed of revolution is 2900 r.p. m. in both cases, the width
of focus 2 mm.

[s; .. Fwrm)
71 qos ot

1) See: J. D. Fast, -The preparation of Metals in a
Compact Form by Pressing and Sintering, Philips techn.
Rev. 4, 309, 1939, : ' _—
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for example because of the fact that with increasing
mass the very brittle presintered rods become
increasingly difficult to handle and further the.fact
that the currents required.for sintering become
extremely large, etc. In the methods of fabrication

‘employed by us-the finished tungsten discs have a

weight of. about 225 g. We shall retwrn to this
subject later. . oo

The heat capacity of the tungsten anode is. there-
fore only 1/12 of that of the copper anode. On the
other hand, however, the teﬂlperature of the tung-

_sten disc may be much higher than that of the

copper, but-this advantage does not compensate for
the much smaller heat capacity. In this way there-

_ fore the loadability of the tungsten anode for very

long exposure times (rontgencinematography) is
much lower than that of the tungsten-copper anode.

Although the small mass of the tungsten anode is
indubitably a disadvantage in this respect it may
not be forgotten that in all kinds of other respects
it is an advantage, particularly in connection with
the bearings and driving of the anode. Since the
tungsten anode together with the copper rotor
only weighs about half as much as .the tungsten-
copper anode ‘of the old tubes, it is easier to limit.
sufficiently the friction and wear on the ball .
bearings on which the anode turns **). Furthermore,
since the moment of inertia of the anode is only
about 1/3 of that of the tungsten-copper anode
it reaches the required speed of revolution with the
same driving power much more quickly after being
started. This is important for stomach examinations -'
where the doctor uses fluorscopy and requires
immediately to fix the picture photographically at a

. definite moment. Since fluorscopy takes place as a

rule with stationary anode or at least with the anode -
not rotating at full speed, the necessary delay in
photographing is determined by the time necessary
for the anode to obtain full speed and for the heating
of the filament which operates at a lower tempe- -
rature for fluorscopy (lower tube cwrrent of for
instance 2 tot 3 mA) “than for photography.

' Reaching full speed from a state of rest, which took

0.8 sec. for the tungsten-copper anode, easily. takes
place in less than 0.5 sec. with the tungsten anode,
thanks to the smaller moment of inertia. In order
to profit by this, of course, the time necessary for

11) The ball bearings are lubricated with a soft metal, in the
Philips tubes lead is used. The vapour pressure of lead
is extremely low so that the high vacuum in the tube

" remains so complete that the extremely high requirements -
of reproducibility demanded by modern diagnosis with
automatic tube-current regulation are satisfied * (see
H. A. G. Hazeu aud J. M. Lederboer. A universal
Apparatus for X-ray Diagnosis, Philips tecchn. Rev. 6,
12, 1941.) ] .. . ‘

v
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heating the filament had to be reduced to 0.5 sec.
also, and this was achieved by making the filament
longer and thinner, since the times, necessary to
become hot, are proportional to the diameters of
‘the filaments, given the same power.

Let us finally consider the employment of the
tungsten anode for fluorscopy We have already
pointed out, that it is no longer necessary to keep
the basis temperature of the anode low. During
fluorscopy,, there is no objection to the anode be-
coming red hot. The heat radiation of the anode then
becomes so great that, without any further artificial
means such as increasing the radiating surface, a
very considerable power can be dissipated. In the
case of the tube, shown in fig. 1, with a continuously
applied power of 200 W the tungsten anode takes
on a temperature of 800 °C, while tungsten can be

made still much hotter without objection, especially -

since in the fabrication of the tube it was outgassed
at a considerably higher temperature. The fluorsec-
opic power is therefore actually not determined
by the anode temperature, but by the temperature
taken on by thé metal housing of the tube, which
must finally give of the heat it receives to its sur-

roundings. If it is desired, that the -housing shall

. not become hotter than for instance 60 to 70 °C,
'so “that .it can be touched without burning the
fingers, the fluorscopic power for the very small
housing according to fig. 2-is limited to about
150 W, as stated above.

"We have already pointed out that, with a higher
basis temperature, the margin to the highest per-
missible focus temperature becomes smaller. There-
fore, if immediately after fluorscopy one passes over
to photography, as is the rule in stomach exami-
nations, mentioned above, and is generally assumed
as a basis for the determination of the loadability
of every X-ray tube, the hot tungsten anode is at a
dlsadvantage, compared with the cooler copper

- anode. This fact has been taken into account in
making the tungsten-anode tube the equivalent
of the old »Rotalix” tube by a corrésponding
extraincrease of the radius of the anode. The load-
ability plotted in fig. 5 holds for a tungsten copper
anode with the basis temperature 450 °C and a
tungsten anode with the basis temperature 800 °C22),

It is of course unavailable that, when the
tungsten disc is red hot, a certain flow of heat will
also take place along the axle bearing the disc toward
the rear and to the copper rotor (see fig. 1). Care
must thus be taken, that the rotor does not become

13) It is also possible, as is sometimes done, to lower the basis
« temperature somewhat by making the tungsten ra(hate

more easxly, for instance by maklng it black.
]
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too hot. To that end the heat transference by
radiation from the turning rotor to the stationary
anode support is increased by providing good
radiating surfaces (blackened). An attempt might
also be made to keep the flow of heat as small as
possible, by making the axle long and thin and
chosing as material a poor heat conductor. However,
one is not absolutely free in this respect, as on the
one. hand the axle must be sufficiently stiff, i.e.
sufficiently short and thick, to transmit the driving
couple and not to fall into transverse vibrations,
on the other hand also the axle (at least the front

" end of it) must be able to be outgassed at a high

~

temperature. A not too high heat resistance of the
axle has the advantage, that the heat capacity of
the copper rotor can contribute to the improvement
of the loadability of the anode in exposures with

very long exposure times.

Prospects for further development

Summarising, we may say that the combination
tungsten-copper offers indisputable advantages
when it is desired to take full advantage of the gain

-involved in the principle of the rotating anode; that,

however, the employment of tungsten alone makes

‘it easier, as far as fabrication is concerned, to

satisfy the requirements of gemeral use in noimal
X-ray diagnosis. Only for those special purposes,
where exposure times longer than a few seconds are
necessary, namely for réntgencinematography, is
the tungsten-copper anode so plainly superior, that
it is clear, that in'this field it will certainly maintain
its usefulness, perhaps in an improved form. In
the meantime the development of the tungsten
anode is by no means at an end.

In spite of the fact that, as has already been
explained, there can be no question of its competing
with the tungsten-copper anode as far as heat
capacity is concerned, it is quite possible to achieve
a certain progress in that direction and thus to
improve considerably the loadability of the tube

. for long exposure times. One path in that direction

is the working out of methods of sintering lar-
ger tungsten discs. Recently indeed we have
succeeded in making tungsten discs of more than
350 g instead of the abovementioned weight of
225 g. The loadability for long exposure times
is increased by more than 50 percent in this way.
A tube with such an anode is now at least the equal
of tube provided with a tungsten - copper - anode
of 1 kg, up to about 8 sec.

Finally, we should like to consider the pOSSlblllty
that a relatively slight increase of the specific

“focus loading, at very short exposure times, will
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become desirable. Although we stated in thie intfo- -

duction, that at present there is no great need of
‘this, further development might rapidly alter this
fact. The possibilities of increasing the loadability

at very short times were briefly indicated in the -

mtroducuon increase of the diameter and of the
. speed of revolution of the anode. As to the first,
that trump has already been pratically played in

passing over from the tungsten-copper to the

o ROTALIX TUBES" ' a4

tungsten anode, since we gave the tungsten disc
a larger diameter to compensate for the poorer
heat conduction and the smaller margin be-
tween basis and focus temperature. As to the
second, the very much lighter tungsten disc is-

~ again very much in the advantage, since it will

be imuch sooner possible, in that case,to increase
appreclably the already high speed of revolutlon

_ (about 2900 T.p- .m., )
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FREQUENCY MODULATION

'- by Th. J. WELJERS.

+ 621.396.619

After a short discussion of the ways in which a carrier wave of bigh frequency can be
" modulated, for instance with an andible frequency, so that the latter is made suitable
for radio transmission, the method of frequency modulation is explained more fully. .
The principles of the necessary transmitter and receiver are described. Finally spccial
attention is devoted to the so-called non-quasi stationary phenomena and their part
in frequency modulation. It must be kept well in mind, that for the frequency in the dif-
ferent expressions it is not permissible to use simply the momentary frequency..

An audible sound can mnever be transmitted by

means of radio by being converted directly into’

_electromagnetic - oscillations, because much higher
frequencies are required for radio transmission.
It is thus necessary to transmit' a high frequency

oscillation as carrier wave and to impress upon this

wave, in some way or another, the low-frequency
rhythm of the sound to be transmitted. This is
generally done, by modulating the amplitude of
the high frequency oscillation according to the low-
frequency sound rytbm, and ome then ép’eaks
of amplitude modulation. Even at the be-
ginning of the development of pracncal radio-
transmission, however, it was a well known fact,
that, in principle, modulation could also be reali: ed,
by keeping the amplitude of the high-frequency

carrier wave constant and varying the frequency .

according to the low-frequency rhythm to be

transmitted. It was at first thought, that in such a

system of so-called frequency modulation, there
~would be the advantage of being able to transmit
signals with a smaller band width in the high-

frequency region, so that more transmitters could be .
included in the same frequency reglon of carrier

waves.
However, after Carson?) had shown in 1922
“that this was incorrect, no more serious attempts
were made in the following years to apply a system
of frequency modulation for radio broadcasting.
New life was lent to attempts in this direction in
1936, when Armstrong 2) showed, that frequency
modulation - can offer the advantage, that the

influence of disturbances on the reception, ’

can be more strongly reduced, than is the case with
the customary amplitude modulation. Since then
frequency modulation has indeed aroused asteadily
increasing interest and the characteristics and
practical possibilities of this system have been
thoroughly investigated. As we intend to deal often
1) J. R. Carson, Notes on the theory of modulation, Proc.

1. R. E. 10, 57. 1922.
2) E. H. Armstrong, A method of reducing disturbances

in radio signaling by a system of frequency modulatlon, o

Proc 1. R. E. 24, 689, 1936

in the future with problems, which are connected
with frequency modulation, the principle of fre-
quency modulation will be further explained in
this article, and then the characteristics will be

" discussed of the transmitters and receivers for such

a system. A separate section will be devoted to
the réle of the non-quasj-stationary phenomena
in frequency modulation. In a later article the two
systems of amplitude and frequency modulation
will be compared with respect to their degree of
suitability for different applications.

The modulation of oscillations

A simple harmonie oscillation, such as is
shown in fig. Ia, can be represented by: ' :

V=>Acos(w‘ot+l<p), e e e (1)

where A, w, and @ are independent of ¢. 4 is called
the amplitude and oyt -+ @ the phase of the oscil-
lation. In order to make possible radio transmission
of this oscillation, it is necessary, that the freqitency
fo = w27 should be much higher, than in the audi-

ble region. The transmission by radlo of an oscil-

-
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Fig. 1. ¢) Unmodulated high-frequency oscillation.
b) Modulating low-frequency oscillation.
¢) Amplitude-modulated oscillation.

.d) Frequency-modulated oscillation.

"
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lation with an audible frequency can t‘hus‘ never
take place directly. A high-frequency oscillation is

distorted in the rhythm of the low-frequency oscil-
lation to be transmitted; in such a way, that radio
transmission remains possible, i.e. that the resulting
oscillation may be considered. as the sum of several
sinusoidal components with sufficiently high fre-
quencies lying in.a relatively sufficiently narrow
frequency region. In principle this can be done in

"two different ways: the amplitude 4 can be dis- -

torted and amplitude modulation is the result,
or the phase wgt + @ can be distorted and phase
modulation results %). Aswill be seen later, fre-
quency modulation is a spec1al case of this.

* For the sake of simplicity, we shall assume for
the time being, that it is desired to transmit a
single sinusoidal low-frequency vibration B cosgt, as

drawn in fig. 1b. Thus the amplitude B and the

phase gt of this vibration must be transmitted.
When this is done by means of amplitude

‘modulation, the constant A in (1) is replaced

by A (1 + m cos gt),. m being proportional to B.
In order to avoid distortion upon detection in the

receiver, care is taken that m remains smaller .

than 1.
The vibration to be transmitted is represented by

V=A((l 4+ mcosqt)coswgt. . . (2)

_The phase constant ¢ in (1) is of no impertance
here, and is -therefore omitted in (2) for the sake of

- simplicity. This vibration is reproduced in-fig. Ic.

The varying amplitude of this curve is, in

amplitude as well as in phase, an image of the vibra-

tion to be transmitted B cos gt (curve b). It must
here be noted, that the zero points, i.e. the mo-
ments, when the vibration passes through zero, are
not affected by the modulation.

Equation (2) can be resolved into three sinus-
oidal components:

41 + m cos qt) cos wot = A cos wot —I—
-+ A — cos (co0 + q)t + A = cos (wg—q)t..

A cos wyt is called the carrier wave, the two
other terms the side-bands. The frequencies of
these three components may satisfy the above
conditions for radio transmission; the frequencies
wg—q, o and wy + g are high enough and lie in a
frequency region which is relatively narrow enough
when @, is chosen sufficiently large. By relative
width of-the frequency region in th1s case is meant
the quotlent 2q/wq. )

8) In principle, both amplitude and phase can be deformed,

but little or no practical use is made of thls possxblhty
and we shall not dlSC'I.lSS it here.

FREQUENCY MODULATION o '

The three components in question can be repre- .
sented in a vector diagram (fig. 2). The carrier

g D q
B >0’

Wo

0

ysto7

Fig. 2. Vector dmgram of a smusoid'll amphtude-modu]ated ’
signal 0D. OA is the high-frequency carrier wave wich the
angular frequency w,. AB and AC represent the side-band
osclllauon with the angular frequencics wy-q and w; + ¢.

wave A cos w,t is represented by the statmnary
vector 0A, the momentary value of which is equal
to the projection of this vector on'the line, which
rotates around O with an angular frequency of w;
the two other components are represented by the
vectors AB and AC, which rotate about the point 4
in opposite directions with an angular velocity of q.
The amplitude modulated oscillation (2) is represen-
ted by the sum of these three vectors, i.e. by the
stationary vector OD of varying length. - »
Such an oscillation can be generated in a trans-
mitter, consisting of an oscillator with an amplifier.
The oscillator voltage 4 cos wqt is applied to the grid
of the amplifier valve. The amplification of this

"valve varies proportionally with the grid D Cvoltage

or with the anode D C voltage. If one of these vol- -
tages is varied ‘proportionally with 1 - m cos gt, '
the transmitter produces the required vibration
proportional to 4 (1 + m cos gt) cos wgt. ’

One then speaks of grid or anode modulation,
respectively, according to the method by which
the amplitude- -modulated signal is reproduced in
the transmitter.

In the receiver, this osc1llat10n is apphed to a
detector, for example a diode detector with leakage
resistance. When an unmodulated oscillation, with a
sufficiently ‘large amplitude, is applied to °this -
detector, a D C voltage occurs over the leakage
resistance, which is approximately equal to the

* amplitude of the oscillation supplied. The frequency

of the applied oscillation has practically no effect
in this process of detection, provided it is sufficiently
high. If the amplitude of the oscillation changes

‘slowly, the voltage over the leakage resistance

changes correspondingly. If the amphtude of the
vibration is 4 (1 + m cos gt), the voltage given
by the detector is 4 (1 4+ m cos gt) and the desired -
low-frequency oscillation 4 m cos gt is-obtained~

o,
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- The D C voltage component A is of no interest, it is

~

kept away from the following amplifier valve by a
condenser:- o .

If it is desired, to transmit the low-frequency
oscillation B cos ¢t by means of phase modulation,

the pa-t ¢ of the phase in (1) is replaced by m sin gt, .

so that (1) becomes %)

V = A cos (wyt - msin gt) . @)

Like the amplitude-modulated oscillation, this
oscillation also does not change sinusoidally with
the time, and thus has no definite frequency. It is,
however, possible to speak of a varying instant-
aneous frequency. To define this instantaneous
frequency, we consider a non-sinusoidal oscillation:

Y= Acosif(0) @
where f(t) changes arbitrarily with the time,
and we look for a sinusoidal oscillation:

) ¥s = B cos (wt + ¢), . (5)

which corresponds, as nearly as possible for the value
of ¢ considered, with the oscillation y, y, is then
called the instantaneaus frequency of y,. What is
to be understood by ,,corresponds asnearlyas
poss1b1e , i to a certain extent arbitrary.

.- Of the oscillation y,, one can choose the ampli-
tude B, the frequency w and the phase angle ¢
suitably; thus the oscillation can be made to satisfy
these conditions. The most. su1table choice is obtai-
dy 1 ‘d.)’z

a - dr

ned when one lets A B, y,=y, and 3

-and then calculates B, o » and @. One then finds :

¥o
ds ’

and this frequency is defined 5) as the instantaneaus
frequency wm of y,. When this definition is applied
to the phase-modulated oscillation (3), one, finds
for the instantaneaus frequency:

(6)

(7)

This varies therefore between w—Aw and w, +Adw.
Adw = mgq is called the frequency sweepand m =
dw|q the modulation index. Fig. 1d represents

wm = W, + mq cos gt = w, + Adw cos gt.

the phase-modulated “oscillation (3). The ampli-’

tude does not change due to the modulation,
but the zero points are shifted: the latter

now-lie sometimes closer together and sometimes -

'farther;'apart than in the- unmodulated‘oscillation.

,

%) 'The reason why sinqt and. not cosqtis used in (3) will
_ -appear later.

" 6) The same deﬁmtlon is used by Helmholtz for acoustic

whratlons R I
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" oscillation, whose
wg + Aw cos qt, Aw being proportional to B. This
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The oscillation (5) is drawn in the form of a
broken line curve in fig. 3 for the vicinity of one
point. It is a sine curve (b) with the same amplitude

= vs288

Fig. 3. Curve a represents a phase-modulated signal, while .
b is the sinusoidal oscillation whose frequency is equal to the
instautaneous frequency W, of a at pomt P

as the modulated oscillation (a), it passes through
the point P in question and possesses the same
tangent at this point.

Conversely, one may reason as follows. From (6)
follows: f(t) = fwdt. An oscillation with an instan-
taneous frequency wn(t) has the form y = 4 cos fw
dt. If it is desired to tranmit a low frequency
oscillation Bcosqt, this can be done by an.
instantaneous frequency is

oscillation is thusy = cos [ (wy + Aw cosqt) dt = cos

" (wgt + dw/q sin gt).

This shows, why singt was tuken in (3) and not
cosqt.. :
In the transmission of speech or music, it is not

‘a single frequency, but a whole frequency region,

which must be transmitted. The modulation system
(transmitter and receiver) can now be so arranged,
that"the index m is independent of -the frequency
q of the modulating oscillation. Then the ﬁ'equency
sweep dw = qm is proportional to this frequency.
Then one usually speaks of phase modulation in
the narrower sense. It can, however, also be -
arranged so that not m, but the frequency sweep
Adw is proportional to- the amplitude and indepen-

“dent of the frequency g of the modulating oscillation.
~The index m = Aw/q is then inversely proportional

to this frequency. One then speaks of frequency
modulation. It has been found, theoretically as
well as practically, that frequency modulation is
preferable to phase modulation in the narrower sense.
We shall therefore concern ourselves further only
with frequency modulation.

Frequency modulatlon

A smusoidal frequency-modulated oscﬂlatlon can
be resolved into sinusoidal components. In
contrast to amplitude modulation, where this
resolution gives one carrier wave and two side-band




FEBRUARY 1946

frequencies, in frequency modulation an infi-
nite series of oscillations is obtained, in which-the *
frequencies of the successive components differ by
an amount ¢ and lie symmetrical with respect
to the frequency of the unmeodulated oscillation,
which in this case also called the carrier wave.
Fig. 4 gives an idea of the amplitudes and fre- -

FREQUENCY MODULATION ’ . 45

~ region; and, moreover, that components occur, whose:

frequencies lie outside the region, which is covered
by the instantaneous frequency. With a constant

_ frequency sweep Adw the region covered by the

instantaneous frequency is more densely occupied by

‘components, the smaller g is, i.e. the larger the

modulation index m. This is not, however, surprising,

L T m=025 3
. Wy O —_—) .
05 ] |
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Fig. 4. Frequcncy spectra of frequency-modulated signals®) mth dlffcrent modulatlon ST
indices m = dw/2 and constant frequency sweep dw. - ) : - o

quencies of the components for different values of
the modulation index m. It will be noted here,
that although the instantaneous frequency w passes
contiriuously through the whole frequency region
from" wy—Ai to wy + Aw, only a finite number of -
sinusoidal components occur 'inv this rfrequency

.

. %) Balth, van der Pol, Proc. J. R. 5. 18, 1201 1930.

when it is kept in mind, that the concept of instant- ,
aneous frequency is defined somewhat arbitrarily.
Furthermore, it is clear from fig. 4 that, when m > 1,
and thus 4w > ¢, the amplitudes of the components,
whose ﬁ'equencies differ more than about 3/2 Adw -
from the carrier frequency are very small and'may,

. be neglected practlcally Ifm <1and thus Ao < g,

the ﬁrst at most the ﬁrst two components on elther
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51de of - ‘wg are of 1mportance In this case, however,
no components at all, caused by the modulation,
lie in the region covered by the instantaneous freé-
quency. If m is small (for instance m << 0.25), the
signal is practically the same, as the carrier wave
with two side-band frequencies. These three compo-
nents are represented in fig. 5 by vectors in an ana-

. 7 g
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Fig. 5. Approximate vector diagram for a sinusotdal frequency-
modulates -signal whose modulation index m is a maximum

of 1/,. 04 is the carrier wave with frequencies wg; AB and QC
side-bands with frcquencws wg—q and wy + g; OD modulated
signali

~ logous manner to that in fig. 2 for amplitude modu-
 lation, but there is the difference, that the compo-
nents of the side-band frequencies are " rotated
through an angle of #/2 with respect to the carrier
wave. The sum of these three vectors is a vector
" 0D, whose extremety moves along the straight line

PQ, whlch is perpendicular to the vector 04 of -

the carrier wave. The amplitude of the vector is
thus not entirely constant. This is due to the dis-

regarding of the other side-band frequencies. If on

either side of the carrier wave an additional side-
band frequency is included in the calculations, which
can be represented by two smaller vectors, which
rotate at double the angular velocity of the first
two side-band frequencies, it may be seen from fig. 6

—_— -
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Flg 6. The vector 0A tepresents the carrier wave. On the
straight line PQ | OA lies the end point of the vector, which

represents the sum of the carricr wave and one set of side- *

bands. On the curve RS lie the end points of the vectors,
" which Fepresent the sum’ of the carrier wave and two scts
of side-bands. On the arc of the circle, TU lie the ends of the
vectors, which represent the sum of the camu wave and
all (an mﬁmte numbet) of side-bands, - - -7 - 7y

. furnishes the carrier wave.
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that the sum of these five vectors gives a better

"approximation of the true vector, which, main-

taining a constant length, fluctuates between the
positions OT and OU, and which is obtained by
including all the side-band frequencies (an infinite
number) in the calculation.

In amplitude modulation a band width is ne-
cessary, which is equal to twicé the highest ‘audio
frequency to be transmitted; in frequency modu-

- lation, for ideal transmission, strictly speaking one .

needs the whole infinite frequency region, practi-
cally, however, a frequency region equal to about
three times the frequency sweep is necessary, if
Aw > ¢, and equal to 2g, if dw < q.

Thus by the employment of frequency modulatlon
no space in the frequency spectrum is saved, as was
previously thought, but on the contrary more
space is needed!

Transmitter for frequency modulation

A transmitter for frequency modulation can be
arranged in different ways. Armstrongset about
it as follows. An oscillator controlled by a crystal
This carrier wave
is amplitude-modulated, by the low-frequency oscil-

‘lation to be transmitted, in a push-pull modulator,

so arranged, that it furnishes only the two side
bands without the carrier wave. The carrier wave
is then added again with a phase rotation of /2 -

and a large amplitude, so that an oscillation like

“that of fig. 5 is formed. Care is taken that the angle -

P0OA < 7[12,s0 that the amplitude variation remains
small enough to be disregarded. The argument of
¢os (wgt - msinqt) represented by the varymg

" vector 0D, changes between wgt - m and og—m
From this follows, that /. POA =

: m.- The condl-
tion that L. POA < m[12 therefore expresses, that
m = Awlq < 7/12 or Aw < 7f12- ¢q: For a low modu-
lation frequency, for instance ¢ == 2z-30 sec?}, -
Adw < 712 2730 ~ 50. For higher modulation

frequencies dw is proportionally, but even for the

" ."highest modulation frequencies, which occur in

praxis eg. ¢ = 2 7 - 15000, corresponding with

‘the - highest audible frequency, the frequency -

sweep is not greater than 2725 000 sec.™

By the method just described, phase modulation
in the narrower sense would be obtained, because
the modulation index m was assumed to be constant.

‘In order, however, to obtain frequency modu-

lation (i.e. the frequency sweep .dw independent -
of the modulating frequency), before the amplitude
modulatmn, the low-frequency. signal is passed
through a network,,m which the amplitudes of the

different frequencies are- amplified proportionally
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with the modulating frequencies. In order to obtain
a large frequency sweep, which is desirable as
‘will be discussed in a later article, the frequency of
the modulated signal is multiplied in several suc-
cessive stages, before it is transmittéd. The carrier
frequency w, as well as the frequency sweep dw
are thereby multiplied. The advantage of this
method is, that a crystal-controlled oscillator is
used, so that the carrier frequency is very constant.

In another method of modulation much used in '

transmitters, the capacity of the oscillation
dircuit is varied. If a condensor chrophone is
connected in parallel with the tuned circuit of an
" oscillator, the capacity of the circuit varies upon
speaking into the microphone. The intantaneous
frequency of the oscillator thereby also varies.
~ If the variation of the capacity is small, compared
with the total capacity of the circuit, the variation

of the instantaneous frequency is approximately

proportional to the capacity variation. Practically,
" however, there is an objection to including - the
) g

microphone directly in the oscillator circuit. In

order to avoid this, a so-called reactance valve

is preferably connected in parallel with the oscillator ..

circuit, which valve serves as variablc capacity or

variable self-indirction?). Thé action of the reactance

valve is as follows. Between anode and cathode an
. A C voltage is applied with the same frequency as,
but shifted in phase with respect to, thé¢angde vol-
tage. The grid voltage can be derived in a simple
way from the anode voltage; for instance by. intro-
ducing a resistance R between anode and grid.and a

capacity C between grid and cathode (fig. 7). Here -

.4<

viter

Flg 7 Connecuons for the reactance valve. Wlth the help
of the rcsistance R and the condensor C the gnd voltage 18

. derived from the anode voltanre Va
B

Vg = Va/l + jRwC. The anode A'Cis approxr-

mately I, = SV, = V4Sj(1+jRwC), if Srepresents

- the slope of the characteristic. The impedance
measured between anode and cathode is now Va Ha

= 1/S + jRwC[S, and therefore equivalent to a
connection in series of a resistance 1/S and a self-
‘induction RC/S. It is here assumed, that the impe-
‘dance of the series connection of R and C s so high,
that the current through this m1pedance may be

'7) Compare also:- Phllxps techn. Rev 4, 85 1939
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neglected compared with ‘the anode A C By
varying the negative grid voltage of the valve the

slope 'S is varied and thereby also the effective

self-induction RC/S and thus the frequency of the
oscillator in parallel with whose circuit the reactance
valve is connected (fig. 8). The positions of R and C

. 17270
Fie. 8. Oscrllator cirenit with .oscillator valve 1 and reactunce

-. valve 2/R and C are introduced according to fig. 7. The modu-
latmg signal is fed to the gnd ove? the large resistance R,.

" can also be interchanged, where upon the~reactance
‘valves becomés equivalent to "a resistance and a
_capacity in series. It is also possible to usé a self-

induction L, instead of ‘the condenser C. -

When the modulating low-frequency voltage from -

the microphone is now applied to the grid over the

registance R,, the desired frequency-modulated sig-
nal is obtained in the oscillator circuit. The frequency

of the frequency variation of this is equal to the
frequency of the modulating signal: With suitable

characteristics,of the valve employed and suitable .
dimensions of the other elements of the connectlons, )

the frequency siweep is sufficiently nearly, propor-
tional to the amplitude of the modulating 51gnal
prov1ded it ‘does not become too large

Receiver for frequency modulatlon

In the receiver the frequency modulated 51gna1
must again' be converted into a low-frequent oscil-

"lation, which is a faithfull copy of the voltage at
- the microphone. The detector (diode), employed

in the amp]itude-modulation receiver, reacts only

to the amplitude and not to the frequency of the

high-frequency 51gna1 applied and cannot therefore

be used directly in frequency modulation, where .

the. amplitude is constant. Therefore in the fre-
quency modulation receiver the frequency-modu-
lated signal is first converted into an amplitude-

modulated signal and then -applied to a diode
detector. This conversion of a frequency-modulated
.into an amplitude modulated signal is accomplishc’d

by means of a frequency detector i.e. a mnet-
work, which furnishes a high-frequency voltage,
whose amphtude is sufficiently nearly a linear

functlon of the frequency of the apphed/voltage,
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if the amplitude of this applied voltage is constant.

For this- purpose may be used, for example, con-
nections which consist of a resistance, a self-induc-
tion and a capacity in series. The resonance curve;
‘which fepresents the voltage E over these con-
“nections as a function of the frequency, with con-
stant current through the circuit, possesses a section,

which is approximately straight (4B in fig. 9). If-
the frequency of the current varies over the region

corresponding to this almost straight part, the varia-
tion of the voltage E over the circuit is proportmnal
to this frequency variation. ‘The sine curve @ repre-
sents the instantaneous frequency wm of the modu-
lated signal as a function of the time #; the sine
curve b represents the instantaneous amphtude E of
the high-frequency voltage over the circuit as a
function of the time t. Except for a constant, this
amphtude is proportional to the instantaneous fre-
- quency of the modulated 51gnal minus the carrier

frequency This voltage, which thus contains both '

frequency modulation and amplitude modulation,

is applied to a diode detector, which does not react.

to the frequency modulation, but to the amplitude

" mmodulation of this voltage. In this way, from a.

frequency modulated signal cos 3 f(t)% with a

carrier frequency w,; one obtains a low-frequency

signal, which is proportional to the instantaneous

- frequency minus the carrier frequency i.e. to
3df(t )dtl—wy. - :

If we prolongue the nearly stra1ght portion AB

of the characteristic in fig. 9 until the frequency

" axis, thlS axis is cut in a point, lying at a distance
91> of the central frequency . Moreover, we see
in fig. 9, that the voltage E possessés an ampli-
- 'tude modulation with a modulation depth Aw/q1
The 1deal would bé, that the charactenstlc fol-

-——)h']
1)
—
—t— =
|
rl-’;.

I_ |

_ .
P S —w

. i i >|

- S )e

v
i

Vllll
N ‘

I‘lg‘ 9. ngh frequency amphtude of the voltage E -over a.

conuection in series of a resistance, self-induction and capa-
city, as a function of the frequency w. If we assume, that
the instantaneous frequency varics sinusoidally according to
a with the time ¢, we obtain_the relation given by b between
the instantaneous amplmldeF of the modulated hlgh-frequency
signal and the tunct i L Dl io i

lowed indeed the whole of the straight dotted
line; in this case the signal, arising after frequency-
detection, would have obtained an amplitude modu-’
lation of 1009, as a consequence of the frequency-
sweep ¢y, of the original frequency-modulation.
Another often used circuit for frequency-modu-

lated signals is shown in fig. 10. In the anode circuit .

T Ry . l‘
.. >~D

Fig. 10 Detector circuit for frequency-modulated signals.
T last intermediate-frequency valve, IT duodiode, 1 and 2
are the primary and secondary circuits of the frequency
detector. Between the points P and Q we obtain thc detccted
low-frequency slgnal .

of the last interinediate frequency, valve I of the
receiver a network is included, which congists of
two inductively coupled circuits, each tuned to the
frequency of the carrier. wave of the frequency-
modulated signal to be received. For this frequency,

the voltages over the primary circuit I and the secon- .
dary circuit 2 differ in phase by z/2; for higher

frequencies this phase shift changes in one direction,
for lower frequencies in the other. The middle of
the secondary circuit 2 is connected with a point

~ of the primary circuit 1. To each of the two diodes,

of which valve II consists, a voltage is applied con-
sisting of the sum of a part of the voltage of the

primary circuit ] and half of the voltage of the -

secondary circuit 2. These voltages are represented

“infig. 11 in a vector diagram. If the signalis unmodu-

lated, 0A'is the primary voltage, AB and AC are
the two halves of the secondary voltage.
The voltages on the two diodes are thus OB

and OC. The D C voltages over the resistances R;,

and’ R2 of fig. 10 are equal, since the vectors OB and
OC are equal in length. Between the points P and

of fig. 10 one obtains the difference between these -
two voltages, which is zero in this case. If, however, -
the frequency, of the signal applied, changes, the -
vectors AB and AC rotate, for instance to AB'’
and AC. The voltages over R, and R, are no longer"

equal, but OB’ > OC’. The voltage between points
P and Qis now equal to the difference between the

"lengths of the vectors OB’ and OC'. If the frequency.
of the signal applied varies in the opposite direction -

the sign of .the voltage bétween P and Q changes:

VOL. 8, No..2 o
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-If the applied sign’al__. is- frequency-modulated,
there therefore occurs between ‘P and Q a low-

. wsass

;:-".. R " 0

Flg 11. Vector dmgram for the frequency detector accordmg
to fig. 10. 04 is the voltage, on the primary circuit 1. OB
and OC are the voltages, which the carrier wave furnishes
to the two diodes, of which valve IT consists, OB’ and OC’ are
furnished at a frequency, which devmtes shghtly from the
carrier frequency @

frequency A.C. voltage, which is an image of the
~ modulation. By suitable choice of the coupling -
- between the two circuits, of the ratio of the primary
to the secondary voltage and of the damping of
the circuits, the voltage between’ P and Q can,in a
sufficiently .wide frequency region, be made very
nearly proportional to the: frequency deviation
from the carrier frequency. The desired low-fre-

quency signal is therefore obtained free of distor--

tion. Fig. 12 gives for such a frequency detector
the ‘voltage between P and Q as a function of the
angular frequency o of the signal applied. This curve
approximates to a straight line, closely enough
- between the frequencies w; and w,, so that-the

373 — (1)

. vn I’y

_ Fig., 12. Thc detected voltage betwcen the points P and Q
of fig. 10 as a function of the frcquency w. In the rcgion
around the carricr frequency w, the curve is practlcally a
straight line betwcen w; and w,.

R

detector can-be used satisfactorily for a. carrier
frequency w, and a frequency sweep Aw which must
be slightly smaller than w;—w; = w,—w,, as w111
be discussed in the followmg section.

Non-qua81-statlonary phenomena

In the foregomg, it has always been tacitly assu-
med, that the voltages and éurrents in networks
. behave, under the influence of signals with varying

FREQUENCY MODULATION
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frequency, in the-same way ‘'as at constant fre-
quency, thus that the instantaneous frequency
may simply be substituted for- the frequency in
the expression for the impedance: The fact, that
this is at-least doubtful, follows immediately ﬁ'om‘
the somewhat arbitrary definition of instantaneous
frequency. Carson and Fry8) have shown, how
itis possible, to calculate the behaviour of arbitrary.
networks under the influence of a voltage with

" wariable frequency. This exact calculation is quite

" complicated, but 51mple practlcal conclusmns can

be ‘drawn from it. . . _
When an A.C. voltage V= Vinax cos wt is'con-

" nected at the moment ¢t = 0 with a resistance r and‘

a self-mductlon Li in series, a current
" i = imax COS (Wt—@)—imax cos @ - e—f‘

flows. This current can be divided into two parts: a -
“quasi-stationary” part ipg cos (wt—¢), which
continues to exist as-long as the external voltage

acts, and a transwnt current

'—Lmux e L cos @,

whlch practlcally dlsappears after a certam, usually
very short time. In the case of a'more complicated -
network also the current always consists of a sta-

tionary ‘part and a transient current, which dex °

[y

creases to zero. Also when the amplitude or the fre-
quency of the voltage applied changes, a temporary
component of the current-appears. With arbitrarily
changing voltages therefore, one is' concerned with
such. temporary: components. If the “change in

" frequency takes place so slowly, that the temporary

component has already become very small before
any appreciable frequency change has again taken
place, i.e. in such a way; that the network has time

-~ to adjust itself to the new situation, these exponen-

tially decreasing components are scarcely notice- -
able, and the currents and voltages in the network

can be measured practically with sufficient accuracy,

as if one were dealing with a constant frequency,’ '
namely asifthe frequencyatevery moment
were equal tothe instantaneous frequen-
cy. In this case the network behaves as if quasi-
stationary. In any case this method, of considering
it quasi-stationary, gives a first approximation of the
phenomena occuring. The extent, to which this
approximation produces sufficiently accurate results
in a practical case, depends upon thie modulating -
frequency g, the frequency sweep 4w, and thus also -

" on the modulatioil index m, as well as on the dam-

8-J. R. Carson and T. C. Fry, Variable frequency
electric current theory, B. S. T. J. 6,513, 1937.

14
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pmg “of the network: When in this connection the
spectra of fig. 4 are again considered, it is seen that
. although the instantaneous frequency covers aregion
24w continuously, the oscillation is composed of
components with discrete frequencies. With a large
values of m, i.e. with a slow variation of the fre-
quency, the region of the instant neous frequency
is indeed more densely occupied, than at small
values of m, and thus more closely approaches a
continuous spectrum, as would be expected accor-

ding to quasi-stationary considerations. Moreover,

with large values of m a relatively smaller region lies

outside the region of the instantaneous frequencies

than with smaller values of m. If m <1, except
- for the carrier wave, not even a single component
lies in the region covered by the instantaneous fre-
quency. From this it may be seen again, that the
quasi-stationary method of consideration leads
to more accurate results the larger m is, and thus

with a given value of dw, the smaller ¢ is.

In the amplifier stages of transmitter and receiver

tuned circuits are employed, as a rule band filters,

copsisting of two coupled circuits. From the quasi-
" stationary method of consideration, it would follow,
that the band width of these filters is sufficient,
when a frequency region 24w is uniformly amplified.

From the spectra of fig. 4, however, it follows that .

this band width is unsufficient. If m </ 1 a band

" ‘width of a least 2q is necessary, otherwise the whole -

VOL. 8, No. 2

modulation might even disappear. If m > 1 a
band width of about 34w is necessary; otherwise
too many side-band frequencies are cut off, which
would cause distorsion in the modulation and there-
fore also in the low frequency signal detected. ’

From this it is evident, that the quasi-stationary
method of consideration, which led to the concept
of instantaneous frequency, can easily lead to in--
correct conclusions in the case of frequency modu-
lation. The incorrect concept, mentioned in the intro-
duction, that a frequency-modulated signal with
a small frequency sweep would require only the
region in the frequency spectrum, which is. covered
by the instantaneous frequency, was a result of the
quasi-stationary method of consideration,  which
does indeed give a useable approximation, when the
modulation index m is large, but which leads to-
absurd results when m is small.

~ After the above discussion of the way, in which
frequency modulation can be realized for the
transmission of low-frequency signals on a high-
frequency carrier wave, there remains the problem,
as to the cases in which such a system can be succes-
fully used for radio transmission. To what degree
frequency modulation offers advantages over the
usual broadcasting system of amphtude modulatlon
will, however, be discussed in a later article.

H
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- .. THE FORMATION OF STEREOPHONIC IMAGES

by K. de BOER. -534.621.3

It is possible to cobstruct an installation for sound amplification or reproduction, such as -
" is used for orchestra music, sound film or stage plays, in such a ‘way that the ,,acoustic
" image” heard by the audience always coincides with the visual image which is secn.
In particular the conditions are here discussed under which the sound must be recordcd
in order to attain the' desired result. Several more particulars are also given about the
technique of reproduction which has been dealt with previously, while it is also pointcd
oul that stereophonic reproduction, without the source of the sound being visible, already

constitutes a considerable improvcment.

quuipment; for sound amplification is installed

in a hall in which a small orchestra performs. In

the usual way a microphone is hung somewhere in -

front of the orchestra and the sound received by
the mlcrophone is amplified. and reproduced by a
loudspeaker. When the attention of a member of

the audience is especlally attracted first by the

violon at the left and then by the piano more to the
right, he will often feel troubled, that the music
which’ he hears, does not come from the direction
in which he sees the violin or. piano, but always
from the same dlrectlon, that of the loudspeaker.
Sound reproductlon at the cinema is usually sub-
ject to this ob]ectlon Here also, the sound always
,comes from a single direction, even though the
- source of sound (the speaker) moves about on the
screen. This often’ produces an unnatural effect.

' improvement of quality
'applymg stereophonic reproductlon. Even the

|
4
I ,

/

- _a.. AV |
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It is also a remarkable fact that in those cases -
where 'sound reproductlon is employed without
the audience being able to see the ongmal sources
of the sound (or pictures of them), a considerable ’
can be attained by

reproductlon by means of two ,,ordmary” loud-
speakers connected in series, placed at some dis-
tance from each other, already provides an impro-
vement, which is sometimes made use of in the case °
of the radio. For the present, we shall confine
ourselves to mentronmg thlS fact, and in the follo-
wing devote our special attentlon to those cases,
where the audience can see the source of sound or a
picture of it and where it w1]l be expected that the
sound reproduced will - come from the d1rectlon,
Jin which the source of that sound is seen

V.f 1

Fig. 1 ‘a) Arrangement for stereophomc reproduction ini a cinema. Two Toudspeakers -
are placed “one on either side of the projection screen and are observed within an angle

2 a by the listener.

b) Arrangcment of the artificial head in the ‘studio. The perpendlcular blsectonng .
planes of camera and artificial head-are coincident. The speaker stands for instance in -

the direction .

PRI

“With the stereophonic method of sound repro- - Principle of the arrangement’ for stereophonic

duction these objections can be removed and the
sound reproduced is always heard from the same
' direction, as that in which its source is seen. It is
important, that-even on those persons, who are
scarcely aware of the objections mentioned, stereo-

phonic reproduction, nevertheless, often produces a
. more pleasmg 1mpressmn than ord.mary repro-‘

duction.

_image forming

- The principle by which the coincidence of sound
image and visual i image can be attained has already
been sketched in a previous article 1) for the case

~of the cmexna, particular attentlon being devoted

1) See the artxcle Stereophomc sound reproductwn, Phlhps
techn Rev 5, 107, 1940. .
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to the technique of reproduction. We shall review
it briefly here, see fig. 1. For sound recording an
*artificial head” (a sphere) is set “up in the studio,
which has two microphones at the position of the
ears. The sound recorded on the film for each of
the two microphones separately is reproduced in
the well-known manner via separate channels, in
which an amplifier is included, by a loudspeaker.
The two loudspeakers are placed at either side of
the screen in the projection room. Tt must be poin-
ted out particularly, that this method of reproduc-

tion is simpler and pleasanter than that in which

each member of the audience must wear headphones,
while by calculation and experimentally it was found,
that the accuracy of the sound image need not suffer
- appreciably. In this article therefore, we shall not
devote our attention so much to reproduction, but

to the requirements made of the method of sound
recording. The question thus is, how must the -

sound be recorded in the case of the orchestra and
in analogous cases (stage, film), in order to obtam an
acoustic image, which is true to nature when the
above-mentioned method of reproductlon is
employed It is found, that for this purpose : both the
 size and the pos1t10n of the artificial head must be
choseén according to a definite rule. Before we state
this rule and discuss its application, we  shall outlme
- the éxperiment from which it results. <

~ In’a recording room, see ﬁg 2, an artificial head
has been placed. The microphones” are connected
~with two loudspeakers in thé projection room by

_ two separate channels, each obtaining an amplifier.

. -

Flg 2. In the recordmg room 0 an art]ﬁclal head and a,
moveablé source of sound G, are set up. In the recording

room R, the observer W observes the sound image of G -

betweéen the two loudspeakers L, and L, at a dlstance .
from the middle.
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The distance 2a between the loudspeakers, the base,
can be chosen differently, for instance normal stage
width of 4.5 m, width of the projection screen, etc. -

22cm k
: > 17cm

fTem

-—

~20°

VJ' 973

1 .
45— - ¢ .
Flg 3. Upoa recordmg the sound from a source G (fig. 2)
placed at an angle @,with the plane of symmetry of the ar-
tificial head u represents the deviation from the middle of
the sound image as observed by W in the projection room.
The various. curves are for the erent sizes of artificial
head as indicated in the figure. k stands for a perfectly
shaped head .

" About in the middle of the hall; in our case at a
distance of 9 m, the observer W is seated. In the
recording room a source of sound is placed and its
position fixed by the distance r and the angle .-

In the projection room’ W then hears the sound
. image between the loudspeakers at a’distance u
‘from the middle. We now determine this deviation

u at different valves of ¢ and .
. It is found, that the deviation u of the sound

“image depends only little upon r, so that we ob-

tain in fact only a relation between ¢ and u, thus
between the angle, measured from the plane of °
symmetry, at which the artificial head ,,hears”
the source of sound and the dev1atlon of the sound
image from the middle.

This' relation, which differs for different sizes

¢ of artificial head, is glven in fig. 3 for three different .

cases:

1 For an art1ﬁc1al ‘head (sphere) 22 cm in dia-
“meter, which is shghtly la.Iger .than a normal'

- head; o '

<

2. For 'a wéll modelled head and for a sphere of

17 cm diameter, which is about the same size
as the head; e R
3. Foraspherell cmin dlameter
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The graph shows that, for the 22 cm sphere, the
relation between ¢ and .u is linear as long as ¢
is not greater than 45°. This linear relation, in
which equal angular rotations ¢ correspond to
equal displacements: u, gives a sound image, whose
accuracy and-naturalness are more than sufficient
for practical purposes. As soon, however, as the
" source of sound has a greater angular deviation
than 45° from the centre, in the case of the 22 cm
sphere, the sound image always lies close to one of
the loudspeakers, so that we obtain a much too
compressed and distorted sound image which does
_ not give a pleasing impression. (For example all
the musicians of a large orchestra who are observed
by this artificial head in directions deviating by
more than 45° from the centre would in the acoustic
image appear to be sitting in a lump, while the:
others would be at normal distances apart).

It is found further that, with the smallsphere, we
can reproduce a larger range of angles, namely to
‘approximately 90° from the centre, undistorted
on the base. This can easily be understood, because
with a given angle @, the ratios of intensities and
differences in time are smaller with the small
sphere than with the large, as that the correspon-
ding deviations u are smallér and a wider range of
angles can be accomodated on the given base 2).

. For the relation between the size of the artificial
head and the width of the range of angles, which
can be reproduced undistorted on the base, we can
further deduce from fig. 3 the following rule of
thumb: (diameter of artificial head in cm) X (angle
to be projected in degrees) = 2000. ,

This rule of thumb is very useful in solvmg pro-
blems like the following. Sterephonic sound ampli-
fymg apparatus is installed in a hall in whlch an

" M2
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must be chosen for the art1ﬁc1al head and where
should it be placed? = :

The correct position is simply found Is is the
same as the position of the single mlcrophone in
ordmary sound amplification, and certain rules for
this are_ known from practice. When the artificial
head, which 'is placed according to these rules
»sees” the orchestra within an angle of 100° for
correct image forming we must, according to the
rule of thumb, chose a diameter of 20 cm, see fig. 4a.
We then obtain an image like that shown in fig. 4b..
Our problem in thus solved sufficiently accurateiy
for practical purposes; the objection described at
the beginning of this article has been met. Ana-
logous considerations hold for the formation of the
acoustic image of a large orchestra, an open-air
play and such cases. In the meantime stereophonic
reproduction has been employed 