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MAINS-VOLTAGE STABILIZERS

v , ‘ ' by R. B. STEPHENS *).

Many types of electrical apparatus require a power supply with a very stable voltage. As
the mains seldom satisfies this requirement, many types of auxiliery apparatus have been
developed during the last two decades, to stabilize the mains voltage to a more or less constant
value. This article deals with some of the existing types, and in particular with a new apparatus
with some interesting improvements, which has been developed at the Philips X-ray Laboratory

621.316.722.1 .

at Balham (London).

Introduction '
It is well known that the voltage and frequency ¢) Some applications require that the variations
- .- of the mains are subject to continuous fluctuations. in the output voltage caused by variations in the
"In applications for which these fluctuations (and load or load power factor, remain small. Where
especially those of the voltage) are too large, the load remains constant, this requirement is of -
matters can be improved by the use of a mains- course unnecessary.
voltage stabilizer. The requirements to be met by d) Some mains-voltage stablhzers produce an out-

such apparatus may vary considerably according
" to the particular application. The prmmpal require-
‘ments are discussed below.

a) The output voltage of the stabilizer should be
as far as possible independent of the inputvolt-
age. The “factor of improvement”, i.e. the ratio
of the voltage fluctuations at the input to those
at the output, should be very high for certain
purposes, often as much as 100 (e.g. for the

., calibration of kWh-meters). In other cases a
factor of 10 will be ample. An example of this

is the stabilizing of the filament voltage of

: electron tubes, which .is worth while for large
installations as this results in a longer working
g - life of the tubes.

: 'b) The output voltage should not be dependent on
the mains frequency. Although the frequency of
most lighting mains averaged over a few hours
is kept reasonably constant (in view of the use
of synchronous clocks), short-term fluctuations
of a few cycles per second may still occur.

*) Philips Balham Works, London.

)

put voltage which is by no means perfectly
sinusoidal. For some purposes this cannot be
permitted (e.g. in the calibration of A.C. instru-
ments). :

In this connectlon it may be mnoted that in

most cases (e.g. for the heating of filaments) a

constant r.m.s.-value of the voltage is required. -

Even if this last requirement is satisfied, a
considerable distortion of the waveform of the

.output voltage (and also-a fluctuation of its peak

value) can still occur due to the presence of
harmonics. If the load consists of a rectifier
this is impermissible, since the rectified voltage

is often a function of the peak value rather than

of the r.m.s. value of the alternating ‘voltage.
A further criterion in the choice of a stabilizer
is the speed of regulation. If the mains voltage
of the load fluctuates in sudden jumps, the out-
put voltage will, as a rule, deviate for a short
time from the desired value. The time necessary
to reduce this deviation to 1l/e of its maximum

_ value, is called the recovery time. In some cases

" this recovery time is mot critical, e.g. in the

-

s




stabilization of the filament voltage\ and high
tension of an X-ray tube used for making long
exposures. Here we are concerned only with the
total X-ray dose (i.e. integrated over the time).
" If, however, short exposures are to be made,

then the recovery time of the stabilizer has

obviously to be short too.

_ The large number of different types of stabilizer
now commercially available is due to the fact that
satisfying all requirements at the same time is
difficult and therefore often uneconomical; for this
reason itis usual to design a stabilizer so that it
meets only those requirements essential to a given
application.

After a brief description of two types of stabilizer
now in common use, a more thorough treatment will
be given of another system, developed by the Philips
X-ray Laboratory at Balham (London) which
combines the advantages of both these types.

“Magnetic” stabilizer

For the “magnetic” stabilizer use is made of the
non-linear relationship between magnetic induction
(B) and field strength (H) in ferromagnetic materials.
For a soft-iron core, for example, this results in a
" similar non-linear relationship between the applied

alternating voltage (¥%) and the alternating current

(I) passing through the choke, as indicated in fig. I.

The field strength is, in fact, proportional to the

current, whereas the voltage is determined by dB/d:.

It is obvious that, if the voltage is sinusoidal, the

current will not be, and vice versa. As regards the

y.m.s. value of voltage and current, however, the

relationship of fig. 1 applies.

Roughly speaking, the choke can be said to

. _behave as a self-inductance thatbecomes smaller as a
higher voltage is applied to it. Such a choke shunted
with a capacitor forms ¥ resonant circuit, which,

if fed with an alternating voltage of constant fre-

quency, will resonate at a certain value of the
applied voltage. This is illustrated by fig. 2. Here

f

84322 1T

- Tig. 1. Relationship between r.m.s. current and voltage for a
choke with soft-iron core. :
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again the relationship between the current through
the choke and the applied voltage is given by curve
1. The straight line (2) shows the same relationship
for the condenser current. The latter is in a'nti-phélse

. 84323

—_— I

Fig. 2. Relationship between current and voltage for 1) choke

(asin fig. 1); 2) condenser; 3) choke and condenser in parallel.

with the choke current, so it has been drawn in the
negative x-direction. The sum of both currents
(curve 3) passes through zero at a certain value of
the applied voltage (point A). Here the circuit is in
resonance. As the voltage becomes higher than the
resonance value, the current consumed by the
resonant circuit will rapidly increase. Conversely,
we may express this by saying that in this range
(about point B) the voltage across the resonant
circuit is only slightly dependent on the current
flowing through it. A resonant circuit of this kind,
therefore, forms an excellent stabilizer when con-
nected in series with an unsaturated and hence
linear choke, which governs the order of magnitude
of the current such that the resonant circuit adjusts
itself to a voltage just above resonance (fig. 3,

84324

Ly

.

Fig. 3. Simple magnetic stabilizer. : ¥; = input voltage.

» = output voltage, L, = non-saturated choke, L, = satu-
rated choke. The resonant circuit L,C is in resonance at one
particular voltage. :

operating point B of fig. 2). In this argument;
hysteresis and other losses are neglected.

Without the condenser a stabilizing action would still
remain, The difference between curves I and 3 of fig. 2,
however, shows that the flat portion of the V-I relationship,
necessary for good stabilizing, will occur at a smaller current
value if a condenser is used. :

A
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Because of the fact that the voltage across the
resonant circuit is so little dependent on the current
passed through it, the output voltage is likewise
little dependent on the current extracted from the
output terminals.

Several improvements may be incorporated in the
circuit of fig. 3. First of all an auto-transformer may
be used for L,, so that the output voltage V5, be-
comes as high as the nominal value of the input
voltage V;. L, may further be provided with an
additional winding ( fig. 4). The voltage V| produced
by this winding is small compared with V, and of
opposite polarity. The remaining small variations
in V,, caused by fluctuations in V;, will then be
compensated by the variations in V.

In the above description we have not considered
the various complications that may occur. For a

R N ¥
L
Vv o
—_—l
Vu
Z >
Ly
Qe —0
A B 84325

Fig. 4. Stabilizer similar to that of fig. 3, with compensation
winding on L,. Here L, is in the form of an autotransformer,
so that Vy is equal to the nominal value of V;.

MAINS-VOLTAGE STABILIZERS 3

more thorough analysis reference can be made to
the literature on this subject 1).

Another version of this type of stabilizer employs
one single iron core (fig. 5). The magnetic flux

e
Vi 84326
o >
B A
+— 7T L
Tl -
) B -
- +— L
- — L L= Vu
c a b .
—0

Fig. 5. Magnetic stabilizer with one core. The right limb becomes
saturated earlier than the left limb with the air gap.

caused by the winding a, is distributed between the
two outer limbs of the core. If the voltage V; across
a is increased, the greater part of the flux will
initially pass through the right limb, because on the
left the path is interrupted by an air gap. The right

') W. Taeger, Spannungsgleichhaltungs-Schaltungen mit
Eisendrosseln, Arch. Elektrotechn. 36, 310-321, 1942.

R. O. Lambert, Voltage regulating transformers, Electronic
Engng. 15, 384-387, 1943. H. A. W. Klinkhamer, Equiva-
lent networks with highly-saturated iron cores with special
reference to their use in the design of stabilizers, Philips

tech. Rev. 2,

276-281, 1937. and 6, 39-45, 1941.

Fig. 6. Two magnetic stabilizers on the principle of fig. 4. one having an output of

80 VA and the other of 300 VA.
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Table I
_ Variations of output voltage for :
Stabilizer Power output L - Response time
. o o o oad variation
according to (VA) 10% variation 5% frequency between 109, and full load (seconds)
' of input voltage variation cosp = 1 cosp = 0.75
. Tig. 6 200 % <0.2% <89 <19, <69 0.02-0.04
1000 ) : b
TFig. 9 2000 — <0.29% < 0.5% 0.1-0.2
5000 S _ (input voltage and frequency
variations included)
Fig. 16 150 <0.1% <0.2% <029% <0.29% 0.02-0.04

limb, however, is thinner than the central-one and
thus becomes saturated at the higher values of V;.
Any further increase of ¥j then cannot cause much
changein the flux through the right limb. Any further
increase of the flux through a will find its way
through the left limb. ,

The ‘effect of the capacitor in parallel to the b

winding is analogous to that of fig. 3, although this,

is not at once apparent. Winding ¢ again compen-
sates for the remaining influence of ¥; on Vy, and
raises the factor of improvement. This winding may
also be situated on the central leg.

The circuits of figs. 4 and 5 are both sensitive to
frequency changes. In order to keep the oscillatory
circuit in the region of resonance, it is necessary
that at increasing frequency the self-inductance of
the “saturated” coil becomes smaller. This means
that the current through the coil and hence also the
voltagé across it, will increase. With these stabilizers
a frequency change of 19, as a rule causes a varia-
“tion of 1.5 %, in the output voltage. Changes of load
power factor also have a considerable effect on the
output voltage. The regulating speed is high; a
~ sudden voltage surge is compensated within one or
two cycles. By choosing the right number of turns

. for the compensation windingpit is possible to keep

either the r.m.s. value, or the mean value, or the
peak value of Vy constant. The shape of Wy is not
sinusoi«ial, but depends on ¥; and on the load
current.

Fig. 6 shows two stabilizers, one for 80 VA and
one for 300 VA (with circuits based on the principle
of fig. 4). In Table I some of their properties are
listed. :

v

Stabilizers with feedback

The method to be discussed here (ﬁg.A 7) uses a
detecting device B for determining the deviation of
Vi from the nominal value. Between the input and

output voltage of this detecting device there is a
relationship as shown in fig. 8. Vy.is zero if Vy has
the nominal value ¥y, This “error signal”, after
being amplified in A, is applied to a regulator C

“which adjusts Vy.

T° ¥

B
mp

Fig. 7. Block diagram of a stabilizer with feedback. The
deviation of V¥, from its nominal value is converted into a
voltage V, by the deteeting device B. This error voltage is am-
plified by A and is used for regulating the output voltage
by means of the controller C.

L A

84327

It will be clear that the constancy of Vyimproves
the more the error signal is amplified. In fact, it can
be demonstrated than the factor of improvement
(see a, p. 1) is equal to the overall amplification
+1, the overall amplification being the total
amplification in the closed circuit.

The non-linear element used to obtain a charac-
teristic such as that shown in fig. 8, may take
various forms. As a rule it has to react to the
r.m.s.-value of Vy. In view of the definition of
r.m.s.-value, this means that the output voltage of
the controlling devjce should be a measure of V2,

7l
/ v

84328

Tig. 8. Relationship between Vy and ¥V (fig. 7). ¥, is a measure
of the deviation of V4 from its nominal value Vu,. :

’
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averaged over a certain time (at least one period).
As a rule use is made of the quadratic relationship
between the current through a resistor (proportional
to Vy) and the power dissipated in it. The resistor
temperature is a measure of the r.m.s. current; the
averaging function is performed by its heat capacity.
To ensure that the instantaneous current values
over at least a whole cycle contribute about equally
to the result of the averaging, the heat capacity
should be so great, and/or the heat exchange with
the surroundings so small, that the current (and
therefore 1,?) is in fact effectively averaged over a
number of cycles. The delay produced in this way is
characteristic of all mains-voltage stabilizers with
feedback.

The stabilizers (5, 2 and 1 kVA) shown in fig. 9
have a detecting device whose non-linear element
consists of a diode operating in the saturation range.
The filament of this diode (B, fig. 10) is connected,
via transformer T,, to V. The anode current is
now highly dependent on the temperature of the
cathode, and because the diode forms one of the
branches of a D.C.-fed Wheatstone bridge, there

exists a relationship similar to that of fig. 8 between

Fig. 9. 5,2 and 1 kVA stabilizers on the principle of fig. 7.

Vu and the output voltage of the bridge. In this
arrangement it is the filament that forms the
squaring, averaging and delaying element.

The regulating part consists of the transductor
Td, which is a choke whose self-inductance can be
varied by passing a direct current through one of

MAINS-VOLTAGE STABILIZERS

n

the windings. The step-up ratio of T, is in this
arrangement a function of the self-inductance of Td.
Here too, therefore, the saturation properties of soft

iron are employed.

alr |

. o b |

—] B1 P

Lo )
I-LZ)T(SL

Fig. 10. Simplified circuit diagram of the equipments of fig. 9.
The bridge incorporating the diode B, becomes unbalanced
if the filament voltage of B, deviates from its nominal value:
the bridge thus acts as detecting device.

Y

St

84329

Tube B, amplifies the error signal and controls
the direct current through the transductor. An
additional filter (not shown in fig. 10) suppresses the
harmonics in the output voltage.

The stabilizers described here supply a more
constant voltage than the “magnetic” stabilizers of
fig. 6, as is evident from Table I. The speed of
regulation, however, is somewhat lower. For many
applications this is not important and this type of
stabilizer is widely used.

A new fast-acting mains-voltage stabilizer

In the introduction, an application requiring a
high speed of regulation was mentioned, viz. the
supply of an X-ray tube used for making short-
exposures, such as for diagnostic purposes. In this
case, the high tension and the filament voltage of
the X-ray tube must not deviate too much from
their correct values: too high a voltage or too high
an emission current would cause overloading and
excessive blackening of the photographic material,
while too low a voltage or current would cause
insufficient blackening. The density of the photo-
graphic image is proportional to about the fifth
power of the H.T. voltage, and to the eighth or
tenth power of the filament voltage. The exposures
are often very short (e.g. 0.02 sec.); hence a fast
acting stabilizer is necessary.

The stabilizer to be described has been especially
designed for those industrial and X-ray applications
which require not only the regulation speed of the
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magnetic stabilizers but also the frequency-indepen-
dence and the accuracy of the feedback system. It
is possible to combine these properties. To see how
this may be done we need only consider what
happens if a small, variable self-inductance is
inserted between the points 4, B in fig. 4 and 5.
The introduction of this self-inductance will disturb
the resonance. A system like this, however, as we
- have seen (fig. 2), will maintain a state that approxi-
mates closely to the state of resonance. The current
through the saturated choke will rise, in order that
the sum of the self-inductances in the resonant
circuit remains substantially constant. Due to this,
the voltage across the capacitor will also rise. The
output voltage of the stabilizer can thus be control-
led by means of an additional variable self-induc-
tance. A certain output voltage will correspond to
a given value of this self-inductance; this voltage
is almost independent of the input voltage.

Here too, the variable self-inductance may be
given the form of a tramsductor, energized by a
feedback system similar to that shown in fig. 7.
The result is that fluctuations of the output voltage,
such as those caused by frequency fluctuations, are
compensated by means of the transductor. It is
true that this method of control is slow-acting, but
the frequency variations concerned also occur
slowly. The ordinary voltage fluctuations of the
mains are rapidly compensated by the magnetic
system.

This stabilizer also has a higher factor of improve-
ment than that of the magnetic stabilizer alone.
With regard to this better factor of improvement,
the inertia of the feedback circuit does not constitute
a serious drawback. This is due to the fact that the
larger variations in the mains voltage (e.g. 10 V at
a nominal mains-voltage of 220 V) do not as a rule
occur suddenly, whilst the commoner. smaller
fluctuations are sufficientlys stabilized by the
magnetic stabilizer with its lower factor of improve-
. ment. Moreover, if the load or the load power factor
is changed, the feedback will act so as to restore the
output voltage ito its correct value.

The detecting device

A convenient means of detecting small departures
of an alternating volfage from its nominal r.m.s.-
value is a thermistor bridge 2), such as shown in
Jfig. 11,

A typical voltage-current characteristic of a
thermistor is shown in fig. 12, curve (I), whilst
curve (2) shows the characteristic of a linear resistor.

2) Philips Tech. Rev. 9, 239-248, 1947.

VOL. 17, No. 1

If these two elements are connected in series, lthe‘
resultant characteristic is of the form shown in
curve (3), which by suitable choice of resistor has a
flat portion of the curve 4B wherein a very small
change in applied voltage will produce a very large

o

Va

%

o

84330 . o

Fig. 11. Detecting device of the “Balham ‘stabilizer. Vo is
proportional to the output voltage of the stabilizer. RT is
a thermistor; its resistance is strongly dependent upon the
temperature. At the normal value of VP, the bridge is just
balanced. If ¥, assumes a higher or lower value, the temperature
of RT will change, so that the bridge becomes unbalanced.
This causes a relationship similar to that of fig. 8 between
Va and Ph.

change in the circuit current, and consequently in
the voltage developed across the linear resistor.
This principle is employed in the bridge circuit of
fig. 11; the resistors R, and R; are so chosen that
the bridge is balanced if the system operates in the
current range A B. Any small variation of the voltage
supplied to the bridge (¥;) will then unbalance the
bridge,and bring about a considerable variation of V3.
This applies not only to a direct voltage, but also
to the r.m.s.-value of an alternating voltage, as the
thermistor is incapable of following the rapid varia-
tions. The output voltage of the bridge will be either
in phase or in antiphase with the supply voltage,
according to whether the supply voltage is above or
below the nominal value.

If a bridge of this type is used in a stabilizer, the
peak shown in curve (3) of fig. 12 constitutes a
difficulty, because of the fact that when the appara-

7\
/N
v / \
"\ \
R
! \
l/ \\/.1‘ ,E”/
/ | /
l
/ .
. [/
[/
)/
/ !
/

84331 — 1T

Fig. 12. Voltage-current characteristic of 1) a thermlstor, 2)
an ordmary resistor, 3) a thermistor and resistor in series.
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tus is switched on, the working point occurs some-
where in the vicinity of C. The bridge then produces
a high output voltage which tends to increase the
output voltage of the stabilizer, and thus to produce
an upward shift of the working point. In this,
" however, it does not succeed, since the output volt-
age can only be varied by the transductor within
certain limits. In order to raise the working point
from C across the peak it would be necessary to
raise the output voltage'of the stabilizer (which

feeds the bridge) for a short time above its nominal ..

value, which, obviously, is not permissible.
In existing stabilizers with thermistor control

special circuits with relays and electronic tubes are -

applied to overcome this obstacle 3). In the appa-
ratus under discussion the need for these special
precautions has been obviated by the use of an
indirectly heated thermistor, which is preheated
by a spiral heating element surrounding it. The
effect of this preheating is that the peak on the
thermistor voltage-current characteristic is lowered
considerably (curve I, fig. 13). If a resistor is

174 —__________;.3__
T -
e
e -
//
/ 2
/
/
/
/ /
)
/
/

84332 —_—T

. Fig. 13. The same as in fig. 12. Here, however, the thermistor

is pre-heated by a separate heating element.

connected in series with such a thermistor the
characteristic becomes as shown in curve (3). In this
curve the long, flat portion necessary for high
sensitivity has been retained, but as the maximum
has disappeared, it is unnecessary to provide special
circuits for moving the working point to a flat
reglon ’

The amplifier

If the output voltage of the stabilizer deviates
“from its nominal value, the thermistor bridge will
produce a signal in phase or antiphase with the
supply voltage. This signal must be used to alter
the direct current through the transductor so as to

3) G. N. Patchett, Precision A. C. voltége stabilizers, Part
- VI, Electronic Eng. 22, 499-503, 1950.

’

" device

. MAINS-VOLTAGE STABILIZERS R ' 7

" restore the output voltage to its correct value. This
_is achieved by amplifying the bridge output voltage

and applying it to the control grid of an output. .
pentode ( fig. 14) whose anode circuit incorporates
the D.C. winding of the transductor Td. The screen

—b}

Td

from
detecting

Od 84333

Fig. 14. Amplifier of the “Balham” stabilizer. A pulsating
direct voltage is applied to anode and screen grid of the tube,

so that this tube functions as a rectifier; the current through
the D.C. winding of transductor Td in the anode circuit is
dependent on the alternating voltage on the grid.

grid and anode of this tube are supplied with a
rectified non-smoothed voltage in phase with the
supply to the thermistor:bridge. If the signal on the
grid is in phase with the anode voltage, the mean
anode current will increase by an amount dependent
on the grid signal. Conversely, if the grid signal is in
antiphase with the anode signal, the mean anode
current will be reduced. The current flowing through
the D.C. winding of the transductor is smoothed
by the capacitor C.

This amplifier, which is at the same time a phase-sensitive
detector, reacts to that component of the bridge output voltage
that is in phase (or in antiphase) with the mains voltage. If
the bridge is balanced for this component, there remains a low
voltage with a pliase difference of 90° with respect to the bridge
voltage. This residual voltage is made up of components having
the mains frequency and its third harmonic, and is produced
due to the fact that the thermistor is not infinitely slow-acting,
but changes its resistance perceptibly during one period of the
mains frequency ). As the two components lead the mains
voltage by 90°, they do not influence the current through the .
transductor. The filters used in previous thermistor cirenits are,
therefore, superfluous,

The complete circuit

The complete circuit of the detectmg and regula-
ting devices is given in fig. 15.

The transformer T,, which is connected to the
output voltage of the stabilizer, supplies the anode
and filament voltage for the amplifying tube B,,
and in addition it also supplies the thermistor heater
and the thermistor bridge. The latter consists of the
potentiometer R,, the resistor R, and the thermistor _
RT,. The output voltage of the bridge is coupled to

‘4) See the article referred to in %), Part I, pp. 374-377.
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the control grid of an amplifying valve B;. The
anode supply of this valve is derived from the un-
smoothed supply to the phase-sensitive detector via
the smoothing network R,-R;-C;-Cy. ‘

Since the thermistor is a temperature-sensitive
element, variations in ambienttemperature would
normally tend to cause drifts in the stabilizer output
voltage. To compensate for such effects, the thermis-
tor heater is shunted by another thermistor RT, of
such a size that self-heating due to its own current

flow is small. Increasing the ambient temperature .

produces a decrease in the resistance of RT, and

output voltage from
magnetic stabilizer

-]
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The relay also facilitates the switching on of the circuit in
the following way. When the stabilizer is .connected to the
mains, B, at first does not pass anode current due to its cold
filament. Relay RL, is therefore not energized. Under these
conditions thermistor RT, is provided with an excess heater
voltage via winding S, and contact RL,a, and is repidly brought
to its correct operating temperature. When the tube current
reaches a value sufficient to close the relay, the normal heater
voltage is applied to the RT, heater via contact RL;b, and R,
which is adjusted so that the current has the correct value.

The current at which the relay closes is adjusted by the
paralle] resistor Ry to a value which does not produce a surge
of stabilizer output voltage when contact RL,c across the
transductor is opened. Contact RI;d disconnects Ry when
the relay is energized, enabling the latter to remain closed
down to the lower safety limit of the tube current.

to magnetic .
stabilizer

A B
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Fig. 15. Circuit diagram of the “Balham” stabilizer. The “magnetic” part is not
shown. The A.C. coil of the transductor is assumed to be connected between the points 4

" and B of fig. 4 or fig. 5.

a corresponding reduction in the heater current of
RT,. This compensation is sufficiently accurate in
the temperature range of 10-50 °C.
In the event of failure of the anode current of B,
" forany reason, the self-inductance of the transductor
and consequently the output voltage would rise to
a high value. To prevent this, a relay RL, has been
incorporated in the anode circuit of ‘the tube. A
contact RL,c on the relay short-circuits the A.C.-
winding of the transductor if the relay becomes de-
energized. Since the short-circuiting’ of the trans-
ductor causes a low output voltage of the stabilizer,
_ theload circuit is protected against excessive voltage
-in the event of tube failure.

The anode supply of B, is derived from the
junction of RL, and the D.C. winding of the trans-
ductor. Hence a fraction of the anode voltage of B,
is fed back to the grid via C,, resulting in a negative
feedback at frequencies within the passband of the-
network C,R;. This feedback, which is analogous
to “velocity feedback” in a servo system, prevents
low frequency oscillations in the loop of fig. 7. The
presence of C, prevents D.C. feedback and thus the
“improvement factor” is not reduced.

The inductance of the D.C. winding of the transductor,
together with the parallel condenser C; and the iuternal
resistance of B,, causes a phase shift for sinusoidally varying .
signals which becomes larger at increasing frequency. The
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Fig. 16. Stabilizer for 150 VA output based on the circuit of fig. 15.

inertia of the thermistor produces a similar effect. For the
frequency at which the total phase shift in the loop of fig. 7
is 1807, the total loop amplification should be smaller than unity
to prevent oscillation. The above-mentioned frequency-depen-
dent feedback via C,; will counteract the phase shift due to
C; and the transductor inductance, except at frequencies so
high as to be attenuated sufficiently by the inertia of the
thermistor.

The output voltage of the stabilizer can be
adjusted within certain limits by means of R.. The
position of this potentiometer determines the value
of the primary voltage of T, at which the bridge is
balanced.

The complete voltage stabilizer is shown in fig. 16.
The maximum load is 150 VA.

The stabilizer will compensate for any of the
following changes:

Input voltage changes from 180 to 250 V.

Frequency changes in the range 47-51.5 cps.

Load changes in the range 0-150 VA.

Power Factor changes in the range 0.75-1.0.

Temperature changes from 10 °C to 50 °C.

For any combination of operating conditions
within the above ranges, the output voltage will lie
within + 0.5 9, of the nominal voltage.

For more limited changes the deviation will be less

(see table I).

Summary. After surveying the requirements which mains
voltage stabilizers should meet for various applications, this
article gives a brief description of “magnetic” stabilizers and
“feedback™ stabilizers. The former operate on the basis of
the non-linear relationship between magnetic field strength
and induction in the soft-iron core of a choke. Although these
stabilizers are very fast-acting, their applications are restricted
by the fact that the output voltage is dependent on the
mains frequency and the load power factor.

The feedback type of stabilizer, an example of which is also
given, has the drawback in some applications of being rather
more slowly acting, due to the fact that the voltage-sensitive
element, incorporated in the feedback circuit is necessarily
slow-acting. This type, however, achieves a high precision and
frequency-independence. A new type of stabilizer is described,
developed especially for an application requiring fast operation.
It combines the favourable features of both above-mentioned
types, because here the output voltage of an ordinary magnetic
stabilizer is kept constant with the aid of a simple feedback
system. The voltage-sensitive element is a bridge circuit
incorporating a thermistor. Indirect heating of the latter pre-
vents difficulties during warming up. The influence of the
ambient temperature is compensated by a second thermistor.
A stability to within 4 0.5 9, over the temperature range
10-50° °C can be achieved for mains-voltage fluctuations
between 180 V and 250 V, frequency variations between 47 ¢/s
and 51.5 ¢/s, and load wvariations from no load to full load.
The recovery time amounts to between one and two cycles
of the mains frequency.
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SUPPLY UNITS FOR AIRFIELD LIGHT BEACONING SYSTEMS

by Th. HEHENKAMP.

621.326.062: 628.971.8: 629.139.1

Resonance phenomena are essential features of high-frequency technique, but ‘rarely find
application in power engineering. Nevertheless, a resonant circuit occasionally offers the best
solution to a particular power problem, for example that of supplying a constant current to
lamps in series. The principle of resonant circuits — which are linked to such names as
Boucherot and Steinmetz — is now more than 60 years old; it does not often happen in electrical

engineering that a principle so long known and so much used in some fields has yet been

. ncglcctcd in others.

To enable aircraft to land safely, in darkness orin

mist, it is necessary to equip the airfields with effec-
tive light-beacons. An article describing in detail the
system of beaconing employed on modern airfields
appeared in a recent issue of this Review ). As
explained there, the beacon lights are fitted with
low-voltage incandescent lamps (6 to 30 V), since
this permits the use of a compact filament, whereby
a more concentrated light beam can be attained.

A direct supply to these lamps in parallel is
~ impracticable, since it would necessitate unduly
thick cables. On the other hand, supplying the lamp
direct in series, although possible, has the disad-
vantage that breakdown of one lamp would interrupt
the entire chain 2). Accordingly, every lamp in the
system, whether supplied in series or in parallel, is
provided with a which
matches it to the appropriate mains voltage or
current.

separate transformer

Such lamp transformers are made for
different powers and in various types, according to
the particular method of installation (buried, incor-
porated in the light itself, etc.). The transformers are
~fed from a special supply unit equipped with mag-
netic-switches, enabling the required runway lights
and their luminous intensities to be selected. Such
supply units are housed in.transformer stations
located. as close to the runways as possible and often

below ground level. They can be operated either in
the station itself or from the control tower, which

is then equipped with a desk incorporating the neces-
sary controls and monitor lamps. '

Before discussing the details of this equipment,
let us consider whether it is better to connect the
pnmary coils of the individual lamp tlansformers
in "parallel, or in series.

1) J. B. de Boer, Philips tech. Rev. 16 273-286, 1954/55
(No. 10).

- 2) This can be prevented by connecting a special cartridge fuse

in parallel with each lamp, a method sometimes employed

in street lighting systems (see Philips tech. Rev. 6, 105-

109, 1941); however, it is not considered reliable enouuh for

airfield lighting.

Parallel or series supply?

Of all the various considerations upon which the
choice of the supply system should be based, the
most important are “and
reliability.

capital expenditure

Capual expenditure

To minimize capital expenditure-asfar as pos51ble,
it is necessary to employ thin cables. Consequently,
an appreciable voltage drop must be tolerated; in.
general, the associated loss of energy is not impor-
tant, since the costs arising from it are small as
compared with the cable depreciation (one runway .

2 miles long may require cable costing £5000).

With a parallel supply system, the toleration of a
substantial voltage drop gives rise to a noticeable
difference in luminous intensity between the lamps -
at opposite ends of the cable. In a series system, on
the other hand, such a drop produces no difference
in luminous intensity, since the current is the same
in all the lamps. Although this is a very important
advantage of the series system, it is not in itself
reason enough to conclude that such a system is
best for the present purpose. Before reaching such
a conclusion, we must compare the two systems
more precisely by determining the relative voltage
drop in them when the cable cost, or, to simplify
matters, the volume of copper (by far the biggest
contribution to the cost of the cable), is the same
in both (f01 a glven copper volume, the number of '
cores has little effect on the cost).

Let us consider the case of a runway (length 1),

- flanked on both sides by n lights each of nominal

power P arranged. at regular intervals; in practice,
n is usually between 50 and 100. With a parallel
supply system (fig. 1a), the voltage across the first
lamp is Ej (suffix p for parallel) and that across the
last E, — AE,. Owing to the positive temperature
coefficient of resistance of the tungsten filaments,
the difference in current between the individual
lamps will bé appreciably smaller than the difference
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in voltage. To simplify the following calculation,

! let us ignore current differences, that is, assume
that the current supplied to each lamp transformer
is Iy = P/E,.

n+l!

83318 =

Fig. 1. Runway with n lights on each side. a) Parallel supply,
b) series supply.

We then find that the potential difference AE, is:

nplP

APEP .

. where A, is the cross-sectional area of one cable
core, and p the specific resistance of copper. Accor-
dingly, the relative potential difference is:

ep = 2p _ 1elP
EP APEP2

AE, =

(1)

With a similar system of lights supplied in series -

(fig. 1b), with a current I, the voltage drop in the
cable will be: A

20l
0 s (suffix ¢ for series).

AE =
s

The total voltage across the series system is then:

’ 2nP
I

Es="" 1 AE,.

Again introducing the relative voltage drop (e =
AEg/Eg), we have:
4nplP
AE:?
Since in a parallel supply system the runway is
flanked on each side by two cores of cross-sectional
-area Ap, and in a series system by one core of area .

es (1—eg) =

)

Ag on each side, the condition of equalhcopper volume
is satisfied if 24, = 4.
~ From (1) and (2), we have, therefore:

epEp? = }es (1—es) ES2.

Assuming that the supply voltages of the two
systems are the same, the relationship between ey,
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and e; becomes:

- ep = e (1—ey).

(3)

This relationship is shown graphically in fig. 2.

Because in a parallel system the difference in
voltage gives rise to a difference in luminous inten-
sity between the lainps, ep is limited, in the af)sence
of special measures, to about 39, (the fact that the
lamps themselves, the optical systems and their
adjustment, exhibit a certain amount of spread is
taken into account). , -

0

-
0 Y,
- ° £3319

Fig. 2. Relationship between the relative voltage losses es and
ep, in a series and a parallel system respectively, the copper
volume, mains voltage, and overall runway lighting power
being the same in both cases. :

According tofig.2,e, = 3%, correspohds.to es=69%,
in a series system with the same copper volume and
supply voltage. However, in a series system e,
may be taken very much higber (e.g.25%), and a
very considerable saving in cable costs thus procured
without impairing the lighting, provided that the
particular supply unit is designed for a correspon-
dingly higher power level; e is then limited only by
the last-mentioned condition, usually to about 25
or 30%,. : . .

To compensate for the fact that in a parallel system the
voltage across the more remote lamps is lower than that across.
the nearer ones, the lamp transformers may be provided with
suitable tappings. This enables the limit on ¢p to be raised to
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about 10%, (If~ it were any higher, the lamps would show too
perccptlhle a difference in luminous intensity when operated at
reduced power, owing to the fact that the resistance of the
lamps is then so low as to increase the relative effect of the
cable resistance considerably. The lamps are normally operated
at reduced power to avoid glare, the full light yield being
required only in foggy conditions by day). From fig. 2,
ep = 10 9%, corresponds to es = 28 % in a series system.
If this is taken ‘as the maximum limit, no further saving in
cable costs will be possible; nevertheless, the series system is
better in that it ensures a uniform light output, whereas in a
parallel system with ep = 10 9, the irregularity of the lighting
is only just within the limits of tolerance. a
I

)

In many cases there are still stronger objections to
the use of a parallel circuit. A high voltage supply
. is less acceptable in such a system than in a series
circuit where there is mpever a high potential
difference between adjacent points (except, of course,
inside the transformer station). This makes problems
of insulation and protection far easier to solve than
in a parallel system.

. Reliability

From the point of view of reliability, it is extre-
mely important that the effects of minor local
defects and breakdowns be reduced as far as possible.
The transformers, and the actual lights, are often
placed below, or only just above, ground level, so
that various clips and pressure contacts (e.g. those
of the lamp holders) are exposed to a corrosive
atmosphere. Accordingly, the possibility of some
contact resistance must always be taken into con-
sideration. One of the advantages of series circuits
whose current supply does not depend upon the
load resistance is that contact resistances do not
~ affect the current in the-circuit, but merely cause a
slight voltage drop across the bad contact. Moreover,

a contdct broken electrically but mechanically -

intact (e.g. that between the lamp cap and the
- lamp holder) may easily: ~be=restored by the hlgh

oltage apphed to it when the installation is
switched on. With a parallel supply, on the other
hand, contact resistances present a far more diffi-

"cult problem, since they may cause under-loading -

of the particular lamp or group of lamps, in some
cases so much so as to extinguish it completely.
Interference of another kind is caused by short-
circuits, as will now be explained. The lights may be
damaged mechanically by aircraft or other traffic,
orin the course of work carried out along the runway,
in such a way as to cause a short-circuit. In a series
system, the worst that can then happen is failure
of thelights affected, the others continuing to operate
normally. With parallel feeding, however, the
possibility of shorting necessitates expensive safety
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measures; for example, each light must be provided

with a fuse in series, and the positioning of such
fuses usually presents an awkward problem.
Moreover, it is difficult to ensure that they will
function reliably, since, owing to the relatively high
cable resistance tolerated for reasons of economy, the
short-circuit current only slightly exceeds the normal
operating current. Taking into consideration also
the fact that it is simpler to standardise the supply

. units and transformers of a series system, and to

compensate for changes taking place during or after
the installation of the system, it will be evident that
in general a series supply is best suited to the requi-
rements of airfield beaconing systems.

However, approach lights may be an exception’ to this
general rule, particularly high power lights. In approach
lighting, a large number of lights, consuming a great deal of
power, are concentrated in a limited zone some distance from
the runway, so that the risk of damage to them or to the cables
is relatively small. These lights and the associated transformers
may therefore be raised quite a long way above ground level;
hence the operating conditions of this part of the installation
are more favourable than those of the actual runway lights.
Accordmgly, the lights are less likely to become defective and
are éasier to inspect and maintain. Moreover, the fitting of the
fuses required in a parellel system is relatively simpler. Here,
three-phase mains, with the lights distributed evenly between
the three phases, is often the best solution. '

Boucherot’s constant-current bridge circuit

To employ a series system to full advantage, it is "
- essential to make the supply current independent of

the load. This can he accomplished by means of a
transformer with a movable secondary coil, a method
already used in street lighting for several decades.
However, another method, involving no moving
parts, has become more popular during the past
15 years. It is based on a bridge circuit originally
designed by Boucherot (1890) and developed by
Steinmetz 3).

In the ideal case (exact resonance and no losses),
this circuit exhibits two special characteristics:
1) the output current does not depend upon the

size and nature of the load impedance, and ‘

2) with resistive loading, the input cuxrent is in

+ phase with the supply voltage from the mains.

We are most concerned with the first charac-
teristic, since the second merely indicates that with
resistive loading the power factor is unity.

Theory of the constant current bridge (neglecting losses)
‘To demonstrate the above characteristics, let us

now consider a bridge circuit with impedance Z, in

3) See, for example, R. R. Miner, Resonant- type constant-
current regulators, Trans. Amer. Inst. EL Engrs. 58,
822-829, 1939.

.
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one pair of opposite arms, impedance Z, in the other
pair of arms (fig. 3a), impedance Z in the diagonal
link and a supply voltage E, across the othei
diagonal.

b " 63320

Fig. 3. a) Bridge circuit with two impedances Z, and two
impedances'Z, in the arms, and a load impedance Z in one of
the diagonals. ’

b) Putting Z, = +jX and Z, = —jX in a), we have a
Boucherot bridge, in which the current I in Z is independent
of Z. ’

From the equations (for notation see fig. 3a)
I=1I—1I,
Ey=1,Z, + I,Z,,

© and

after eliminating I, we have:

Ey—1,(Z, + Z,)

I= oL@
5 K

We now choose Z; and Z, such that
Zy=—2Zy . .. .. .. (5

(implying that the two are in resonance at the mains
frequency).
From (4), we then get:

E
I==, .. ..... (6
Z - (6)
showing that the output current I is in fact inde-
pendent of the load impedance Z.
.We find that the current from the mains (1) is:

. . 0= I1 + Iss
and that: . -

o LZ, +1Z—I,Z,= 0.

Eliminating I; from these two equations, we have:

_L(Z+2)-1z

I
. ° Zy .’
which becomes with the aid of formulae (5) and (6):
z ‘
I,= 7 Ep ooooo o (7

To satisfy the resonance condition (5) fully, Z, and

1
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Z, must be entirely devoid of losses, that is, pure

reactances: Z; = jX and Z,=—jX (fig. 3b). Accor-.
dingly, the denominator in formula (7), Z,2, is real;
hence it is seen that the input current will be in

phase with the supply voltage (E,) if the load

- impedance (Z) is a pure resistance. This, then, .

demonstrates the second characteristic.

The circuit considered has yet another unusualt
feature (this time an undesirable one), namely that
the currents in the four arms, I, I,, I, and I,, can -
not be individually determined; aI;plication ofKirch-

hoff’s laws to the junctions and loops of the bridge =

produce a set of interdependent equations. However,
the sums of the currents in opposite arms are
determinate:

.....

and
o).

Provided that formulae (8) and (9) hold good, the
currents in the individual arms may assume any
value. This will be evident from the fact thal the
impedance of circuit 4CBDA (fig. 3b) is zero, so that
any current can flow in this circuit without affecting
the voltages across the diagonals. :
Another point to bear in mind in this connection is

_ that the individual currents referred to are indeter-

minate only at resonance and with circuit elements

devoid of losses, as will be seen from the following.
In general: -

L+L=L+1I, (10}

and _ ‘ :

5Lz, + 1,2, = I,Z, + 1,Z,.

Hence we have:
(L—I,)Z; = 7-(11—-[4)Z2. .. _'f(11)

Now, if Z, # —Z, (owing to a resistive term in Z;
and Z,, or a deviation from resonance, or a combi-
nation of the two), it follows from formulae (11)
and (10) that: .

L=1I, and =1;. . .. (12)

It will be seen, then, that the individual arm
currents associated with any variation from for-
mula. (5) are determinate, these currents being
indeterminate only when formula (5) holds; at the

" same time, this formula must hold good to give the

circuit the required constant current characteristic,
(equation 6). In practice, this contradictory state of

- affairs necessitates a compromise, as will now be

explained.
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Theory of the bridge iaking losses into account

The practical bridge circuit differs from the
purely theoretical one so far considered, in that the
circuit elements are not entirely devoid of losses.
The capacitor losses are usually insignificant, but
for economic reasons the losses in the coils cannot
be reduced till their effect is made negligible. Hence
it is necessary to ascertain the precise nature of this
effect. ,

With. circuit elements not entirely devoid of
losses, condition (5) cannot be fully satisfied, and,
as we have already seen, failure to satisfy this
would the
of the currents. However, practical experience has
shown that the currents may stil be unduly
dependent on circumstances : one capacitor voltage
may be, say, 5 times the other. This is, of course,
highly undesirable, since
over-dimensioning the capacitors and coils to a very
considerable extent.

" This can be avoided in several ways. From formula

(12), assuming that formula (5) does not hold good,
the currents in the coils are theoretically equal and
180° out of phase, and it is only by chance that in
reality these currents usually differ.

Identical currents can be procured by placing the
two coils on a common iron core (fig.4a). A variant
of this method is to couple the coils by means of a
1 : 1 transformer, thus maintaining the capacitor
voltages the same (fig. 4b).

" condition eliminate indeterminacy

it would mnecessitate

a

Fig. 4. The indeterminacy of the four arm currents in the
Boucherot bridge can be climinated by fitting the two coils
on one core (a), or by coupling the capacitors across a 1: 1
transformer (b).

Another method — employed in Philips equip-
ment — involves a deliberate deviation from con-
dition (5), by detuning slightly, apart from the

inevitable deviation caused by the losses. Not only

does this method enable the.indeterminacy of the
arm currents, which persists despite losses, to be
" avoided, but it also precludes all possibility that a
simultaneous failure of several lamps will cause the
remainder to be overloaded (a possibility to which

)
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we shall refer again in the section on lamp trans-
formers). The permissible degree of detuning depends
of course, on the extent to which it detracts from
the constancy of the output current. In view of this,
the calculation of the output current will now be

repeated, on the assumption that neither aspect of
condition (5) is fulfilled.

10%
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Fig.5. The relative current difference <1i plotted against the
relative loss v in the Boucherot bridge, for various values of
the detuning p. Almost identical curves hold good fof the
reciprocal values of p.

The general equation defining the output I is:
I _ Z,— 7y
ZZ,+ 27,4+ 27,2,

E,. . . .(13)

The load impedance Z, formed by the series system
of lamp transformers each loaded with an incan-
descent lamp ?),is for all practical purposes a pure
resistance (R). Now, if Z, is made up of a coil with
self-inductance L and a resistance r, and Z, of a
capacitor C, assumed to be free of losses, and taking
o as the angular frequency of the mains, we have:

1

|

oo Za—rHiel

Z =R,
Next, we introduce two parameters, the oné, v =
r/R, referring to the losses, and the other, p = w/w,
(where w2 = 1/LC), to the detuning, so that (13)

4) The case of unloaded transformers (defective lamps) will be
discussed later. ‘
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may be written:

1= (P’”)

';ulﬁﬂ

The current reaches a maximum, Ip,y, in the event
of a short-circuit (R = 0, v = o0). The relative
_current difference, Ai = (Ipax — I)/I, is here
adopted as a measure of the deviation from constant
. current output. - ’

Fig. 5 shows Ai plotted against v for various
‘values of p. It is seen from this diagram that the
increase in 4i produced by detuning from p = 1
. (resonance) to p = 0.9 or 1.1 will be small, provided
that v is not unduly large. For v = 69, for example,
4i will increase from 3%, to 4%, but any further
detuning will cause a sharp rise in 4i.

Now, detuning to p = 0.9 is enough to reduce the
indeterminacy of the arm cwrrents appreciably,
particularly if combined with one of the methods
illustrated in fig. 4.

Deséription of a practical supply unit

On the basis of the theoretical arguments so- far
- considered, Philips have designed a series of supply
units ranging from 1.5 to 25 kVA. Fig. 6 is a sim-
plified circuit diagram. Here, ACBDA. is Bouche-
rot’s bridge; the input diagonal. AB, is connected to

3323 -~ -~

Fig. 6. Simplified circuit diagram of a low power supply unit.
S; main switch; T isolating transformer; S,, S;, S; luminous
mtensxty selectors (varymg in number {rom 0 to 5); 4BCD
Boucherot bridge; L, choke to limit the output voltage when
the runway circuit 15 interrupted; T, current transformer; S;
relay, which, when energised, opens mains switch S,; B, B,
runway llght circuits; S;, S; runway selectors.

the H.T. winding of.a transformer, T,, whose
primary is supplied from the mains. The primary
coil is provided with tappings, to enable adjustments
to be made according to the average local mains
“voltage (it is seen from formula (6) that I varies in
proportion to the supply voltage (E,) of the bridge).
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It is usual to make the luminous intensity of the
installation variable in a number of steps; T; must
therefore also be provided with tappings on the
secondary. The bridge is connected at will to any
of the secondary tappings by means of magnetic
switches — so-called “luminous intensity selec-
tors” —'S,, S; and S,. It will be evident that only
one selector may be energised at any given moment,
since otherwise transformer T, would be short-
circuited; hence the selectors are,interlocked.

The output terminals of the bridge, C and D, may

be connected to the circuit of runway lights either _

direct, that is, if the voltage across the series circuit
is less than 1500 V, or via a transformer (not shown
in the diagram), if a higher voltage is employed. It
is often" possible to operate two or more circuits
alternately with one supply unit to light, say, the
two directions of a single runway, or two alternative
runways. These circuits are then connected in series
and shunted separately by . magnetic' switches,
known as runway selectors (fig. 6 shows two circuits
and therefore includes two runway selectors, S; and
S;). On runways the circuits must operate one at a
time; hence the runway selectors must also be
interlocked. On taxiways, on the other hand, the
lights must often be able to operate éimultaneously
in various combinations.

Interlock system

Various methods of interlocking magnetic switches are
known; most of them involve auxiliary contacts designed to
interrupt the connections to the switch energising coils, Where -
alarge number of switches are to be interlocked, the number of
auxiliary contacts required will be very large, and the risk of
breakdowns therefore considerable.

In view of this risk, we have developed a system in which
a high degree of reliability in service is ensured by minimi-
zing the number of auxiliary contacts. It is based on the prin-

‘ciple that the impedance of the energising coil of a magnetic

switch is very much higher when the switch is closed than
when it is open. It will be seen from the diagram (fig.7) that
one end of each energising coil is connected to a particular
peint P, which, in turn, is connected, via a capacitor (C;) and
a coil (L) in series, to one pole’(I) of the mains supplying the
control voltage. The other end of each coil can be connected to
pole 2 of the mains via the push button (D,, D,, ...... ) appro-
priate to the particular switch. The ordinary change-over
contacts, each in parallel with the associated push button, are
indicated by OC, and the auxiliary contacts, to shunt capacitor
C, across a low resistance R (almost a short-circuit), by CC.

- The series circuit C,-L is resonant at the mains frequency .

hence its impedance is low. .

Now, let us assume that button D, is pressed. The coil of -
switch S, is then energised normally, so that it closes the main
contact of S, (not shown in the diagram), and transfer contact
OC and auxiliary contact CC. With the closing of CC, capm:ltor
C, is “shorted” across resistance R (acting as a damping
resistor to suppress the contact spark), For practical purposes,
only coil L is then left between points P and 1. (Owing to the

N
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voltage drop in L, the voltage across the coil of S; would then
be about 109, lower than the control voltage. In order to

prevent S, from opening, even in the most unfavourable
circumstances, a special capacitor C, is provided which,
together with the coil of S, forms an impedance higher than

that of the coil alone.)
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Fig. 7. Interlock mechanism to preclude the possibility that
two or more switches (with energising coils S, S, ...... ) will be

closed at the same time. I, 2 terminals of the mains supplying
the control wvoltage; L-C, circuit; R damping
resistor; CC short-circuit contacts of C,; OC transfer contacts
C, auxiliary capacitor; Dy, D, ...... push buttons.

resonant

Next, button D, is pressed. This brings the coil of S, in

parallel with that of S|, and the two coils together in series

with L. Since switch S, is still open, the impedance of its coil
is low, and most of the control voltage is therefore dropped
across L; hence the coil of S, is not sufficiently energised to
close this switch, and the energising current of S, is so weakened
that it opens. However, the shunt across € is then interrupted;:
the impedance of circuit L-C; decreases and the energising
current in S, becomes strong enough to close it.

Any number of switches may be employed, but it is impos-
sible to energise more than one of them at a time. The pressing
of any one of the buttons opens the switch already closed,
and closes the one controlled by the particular button. As will
be seen from the oscillogram shown in fig. 8, there is an inter-
val of f’»i ('}(‘]l‘\ between the up(‘nin‘; of the one switch and the
closing of the other.

To preclude all possibility that two or more switches will be
closed at the same time (owing to two or more buttons being
pressed simultaneously), the push buttons are connected in

series in the usual way.

Fig. 8. At ¢

Oscillogram referring to fig. 7.
button of S, is pressed, with S, already closed. After a certain

t,, the push

delay, depending upon the design of S, the contacts of S,
open, that is at ¢ t;. A 50 ¢/s voltage then appears on the
oscilloscope; this voltage is suppressed when S, closes (at
t — t,). The interval between t; and t, is 33 cycles.

VOL. 17, No: 1

A closer analysis shows that itis advisable to detune the L-C,
circuit slightly with respect to the mains frequency, since
this reduces the adverse effect of the control cable resistance
considerably. In fact, it enables this effect to be made much
that it is

possible to employ relatively longer and/or thinner cables for

smaller than in ordinary interlock circuits, so

the control current.

Limiting the output voltage

A break in the output circuit, say, owing to the
cable being damaged, would cause a considerable
increase in voltage. To avoid this, an auxiliary
circuit comprising a choke (L,) and a current
(Ty) s

terminals C and D (fig. 6). Coil L, is so constructed

transformer connected between output

that the current produced in it by a normal voltage
between C and is negligible. However, if the voltage

increases, owing to a break in the external

circuit, the core of L, becomes saturated, thus

limiting the voltage to less than twice its nominal

value (fig.

¢

9), despite the fact that the auxiliary

circuit then carries the full current.
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Iig. 9. The output voltage A plotted against the current in the
external circuit I, (1) without limiter L,-T, (fig. 6). (2) with
the limiter in circuit. W full-load working point.

This current then energises a relay (S;) via a
The break

relay, in series with the energi

current transformer. contact of this

sing coil of mains
switch S; (fig. 6), therefore opens; thus, any break
in the output circuit isolates the entire supply

unit from the mains.

Mechanical design

All the components of the supply unit are accom-

modated in a single cabinet. At the front of this
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Fig. 10. Two 25 kVA, 20 A supply units, the one on the right with the cover open and the
front and sides removed. Note the ammeter and the push buttons on the sloping panel.
The isolating transformer, one of the bridge-arm coils and the capacitors can be seen at the
bottom, and the magnetic switches at the top of the unit.

cabinet is a control panel (fig. 10) with an ammeter
to indicate the output current, and push buttons to

operate the mains switch, luminous intensity

selectors and runway selectors.
The panel is provided with a cover fitted with a
remote control circuit;

door contact to close the

accordingly, local control is possible only with the

cover open, and remote control only with the
cover closed.

Remote control of the different light systems on
an airfield usually operates from the control tower

which is then equipped with a panel or desk on

Fig. 11. Control desk. Left: plan of airfield with monitor lamps at points corresponding to
the positions of the real runway lights. Right: push buttons and signal lamps of the main
switches and the runway and luminous intensity selectors. Centre: panel with clock and
meteorological instruments. The spaces on either side are for telecommunications equipment.
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which all the light controls are conveniently
- grouped. Monitor lamps enable the operator to see
at a glance which of the systems are in use, and
with what luminous intensity, at any given moment.
The efficiency of this arrangement can be enhanced
by mounting the monitor lamps on a plan of the
airfield at points corresponding to the positions of
the real lights. . A '

A control desk so arranged is shown in fig. I11.

The lamp transformers -

As stated in the introduction, each lamp in a

series system 1is connected across a separate
transformer. The electrical properties of these

transformers -are highly important if full advantage -

is to be taken of the special features of the series

system, and the reliability of the installation as a

whole_depends to a very large extent upon their
mechanical design.

Electrical characteristics

As regards the electrical properties, firstly, the
current in the lamp must remain as far as possible
“constant, despite a certain amount of spread in the
lamp voltage as between individual lamps of the
same type and the possibility of contact resistances
- in series with the lamps. Accordingly, the trans-
formers must possess the characteristic typical of
current  transformers. )

Secondly, the ifoltage across the lampholder
must not build up unduly when a lamp fails or is
removed from its holder; otherwise, the replacing
of a lamp would involve a certain amount of dangér.

Both these requirements are fulfilled by a trans-
former having the characteristic shown in fig. 12
(secondary voltage plotted:“against secondary cur-
~ rent). The curve is so steep at the working point
that a 10% additional resistance in the secondary
circuit reduces the current by only about 0.5%;
amoreover, the no-load voltage is limited to 3 times
the normal operating voltage, this being accom-
plished by ensuring that the iron transformer-core
is. completely saturated when there is no load.

However, this saturation is associated with
distortion of the primary current; hence the output
current of the supply umit is distorted whenever
the load is withdrawn from one or more of the lamp
transformers. Experience has shown that this in-
creases.the r.m.s. value of the current, which is,
of course, undesirable, in that, if several lamps
happen to fail in a relatively short time, the current
in the circuit may increase considerably and so
impose a heavy overload on the remaining lamps.

¢

' . -
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Although at civil' airports, where the lamps are
inspected regularly and defective ones are quickly
replaced, this effect is mot very important, on
military airfields the possibility that many lamps
will fail simultaneously, say as a result of enemy’
action, must certainly be taken into account. Here,
then, the authorities will probably require that the
r.m.s. current in the series circuit be made as far as
possible independent of the percentage of defective
lamps. This can be accomplished by detuning the
bridge circuit slightly (i.e. by allowing p to deviate
slightly from 1), a method which,’ as we have
already seen,. is also effective in eliminating the
indeterminacy of the arm currents. However, good
matching of the supply units to the lamp trans-
formers is then essential, since the proper detuning
of the bridge depends upon the transformer charac-
teristic.

Esec

0 .

—_—
Lsec 83326

. Fig. 12. The secondary voltage (Escc)- plotted against the

secondary currernt ( Jsec) of a lamp transformer loaded with a *
variable resistor. The primary winding of this transformer is
included in a series circuit supplied by a Boucherot bridge.
The curve should be steep at the working point W, and the
voltage at Isec = 0 should not be unduly high.

Mechanical construction !

‘The lamp transformers are desigued to operate -
with lamps ranging from 30 to 500 W, and vary in
design according to the particular purpose.

Transformers of the simplest type may be employ-
ed for building into runway lights or mounting in a
closed box above ground level. The transformer,
completely enveloped in moisture-repelling com- .
pound, is then placed in a metal box provided with
ceramic terminal insulators (fig. 13).
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Fig. 13. Three transformers of the simplest type mounted in
a flush runway light (as shown in fig. 21 of the article referred
to in note ')). The cover, only the bottom of which is seen in Fig. 14. Taxiway light, mounted on a transformer with
the photograph, contains one omni-directional top light and :ast iron case filled with compound. Note bushings for con-

two beam lights (one for each landing direction). nection to armoured cables.

Fig. 15. 200 W, 6.6 A lamp transformer for circuits operating with 5000 V supply. It is
completely enclosed in rubber, moulded in one piece with the insulation of the leads. The
secondary lead (passing through the curved pipe) is fitted with a lamp socket. If the light is
knocked over, the safety joint, that is, the small weakened pipe seen in front of the trans-
former, breaks (see page 282 of the article referred to in note ')) and the plug is pulled out
of the secondary socket. The leads on the extreme right and left are the primary leads.
ote the end sleeves employed to protect them from corrosion in storage or in transit.
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However, the requirements imposed on trans-
formers to be mounted in pits close to the runway
lights, or completely buried, are more stringent.
The covering must then resist the action of corrosive
elements in the ground; hence the transformer is
placed in a heavy, cast-iron box with a removable
cover, and the outside of this box is coated with a
The

itself is delivered from the factory completely

protective asphalt compound. transformer
enveloped in compound, that is, leaving only the
porcelain terminal insulators exposed. When it is
installed on the airfield, the cables are connected,
the cover is secured, and the remaining space
inside the box is filled with compound. When non-
armoured cable insulated with a synthetic rubber
such as “Neoprene” is employed, the transformer
box is provided with coupling nut bushings; for
armoured cables, bushings of the type usually

employed with cable sleeves are fitted (fig. 14).

83389

Fig. 16. Cross-section of the rubber-cased transformer shown
in fig. 15. It will be seen that the turns are completely
enclosed in rubber, which has penetrated into the spaces
between them.
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Another transformer for use underground, recently
developed in America, is hermetically sealed in
moulded rubber ?). Transformers of a similar type
are marketed by Philips (fig. 15). Here, the water-
proof rubber cover is moulded in one piece with the

rubber insulation of the leads, which are short

lengths of cable with plug sockets vulcanised on to
the ends. The transformer is thus protected against
corrosion of any kind, and nevertheless convenient
to handle. In fact, the mounting of such trans-
formers is so quick and simple an operation that
it can be entrusted to unskilled personnel. Fig. 16
shows a cross-section of the transformer.

The quality of this protective covering is illustrat-
ed by the result of a special test to which it was
subjected. This test consisted in raising the trans-
former daily to the working temperature and then
cooling it abruptly by plunging it in water. Although
this very stringent test was continued for several
weeks, insulation resistances of the order of thou-
sands of megohms were afterwards measured at a
test voltage 3 times the normal operating voltage

of the transformer.

») L. C. Vipond, No drinks for transformers, Aviation Age 17,
56, November 1952,

Summary. For airfield light beacons incandescent lamps of
voltages ranging from 6 to 30 V, each connected to a separate
transformer, are empleyed. In the present article it is shown
that such transformers are better connected in series than in
parallel, since in a series circuit the voltage drop in the supply
cables causes no variation in luminous intensity between the
individual lamps connected to the transformers; hence it is
possible to employ very much thinner cables and so consider-
ably cut down on cable costs, which constitute an important
part of the total capital investment Another advantage of the
series system is that it is more reliable (effect of contact resist-
ances less noticeable; separate lamp fuses may be dispensed
with).

The Boucherot bridge circuit is a suitable current source for
a series system. It has two convenient features; the output
current does not depend upon the nature or size of the load
impedance, and with resistive loading the power factor is
unity.

However, the indeterminacy of the individual currents in the
four bridge arms is a disadvantage. Measures to eliminate this
include slight detuning of the bridge.

Philips employ the Boucherot bridge in a series of airfield
light-beacon supply units ranging from 1.5 to 25 kVA. Certain
features of these units, including the method of limiting the
output voltage when the external circuit is interrupted, and a
new interlock system, are described.

Finally, the lamp transformers are discussed. The charac-
teristic of such a transformer must precisely match that of the
associated supply unit. One type of transformer, insulated
entirely with rubber, is specially good for its corrosion resist-
ance.
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ELECTRONIC CONTROL OF INDUSTRIAL PROCESSES

by H J. ROOSDORP. 621-523.8:621.317.733.083.4.078

.

Referring to a previous article giving a general review of regulating systems for industrial
. processes, we shall deal here with the various forms of electronic controllers and their advantages
with respect to non-electronic control systems. .

PRI N

[

Introduction

In many industrial processes the quality of the

" final products is dependent on various physical or

chemical quantities, e.g. tempel'a_ture; pressure,
acidity, etc. In such processes it is necessary that
these quantities are adjusted to the most favourable
value and that this adjustment is maintained by

checking and controlling the production process

in a suitable manner. This can be done eithér manual-
ly by an operator or automatically, without human
intervention. In the former case the quantity to be
regulated has to be measured and read from some
scale before it can be adjusted to its correct value.
Strictly speaking such measurements — or at least
such readings — are not necessary when the process

is automatically controlled. .If the installation is

functioning properly, the value of the controlled
quantity should remain practically equal to what
is desired. In fact, there are a great number of such
non-indicating controllers, which operate without
showing the value of the controlled quantity. In
most cases, however, indication of the controlled
quantity is desirable, since it gives a continuous

check on the progress of the operation. Indeed it

is often convenient to have a record of the
controlled ‘quantity as a function of the time;
recording controllers are therefore frequently used.

An electrical instrument (automatic potentio-
meter) of robust construction, for measurement and
recording in industrial processes has been described
earlier in this Review !). The present article deals
with some of the ways in which. this instrument can
be used for automatic control. For a study of the
general aspects of automatic control we may refer
back to another article in this Review 2). For the
sake of simplicity, the present article is mainly

1) H. J. Roosdorp, An automatic recording potentiometer
for industrial use, Philips tech. Rev. 15, 189-198, 1953/54.

2) H. J. Roosdorp, On the regulation of industrial process,
Philips. tech. Rev. 12, 221-227, 1950/51. .
See also, e.g., W. Oppelt, Kleines Handbuch technischer
Regelvoriinge, Verlag Chemie, Weinheim, 1954; and D.P.
_Eckman, Principles of Industrial Process control, John
Wiley, New York 1945.

concerned with one specific process, viz. maintaining
the temperature of a gas-fired furnace. The discus-
sion, however, is equally valid for entirely different
processes. : A

In the automatic control of furnace temperature
a “closed loop™ is formed by the furnace, the tem-
perature-measuring instrument, the controlling unit
and the correcting element (in-this case the valve
regulating the gas supply). In most cases an actua-
ting mechanism of some sort will be required be- _
tween the automatic controller and the valve, e.g.
an electric motor or an electro?pneumatic valve -
positioner. Fig. I gives a schematic representation
of the closed loop thus. obtained. The controlling

-

Q.
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Fig. 1. Diagram of a closed loop automatic control system.
The process to be controlled is represented by P. Th measuring
clement; Q controller; S motor element ; K correcting clement.

.

unit @ establishes the functional relationship be-
tween the temperature of the measuring element
Th and the position of the ’gas valve K, i.e.
the “control action” of the system. A.:controller
of this kind may be mechanically, electrically,
~hydraulically or pneumatically operated. Each of
these systems has its specific merits and drawbacks.
Electric and more particularly, electronic systems -
are finding increasing application. This is essentially
due to the following reasons. Electricity is almost
universally available, so that no other sources of
power have to be installed (e.g. compressed air
supply). Furthermoré, most measurements are in
any case carried out electrically, so that it is often
simple to extend the measuring circuit with a
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circuit for electrical control. Transmission of elec-
tric signals is virtually instantaneous, which may

be important if large distances (e.g. in excess of

100 m) have to be bridged. The elements used in
electric circuits (mainly resistors and capacitors)
to obtain the réquired control action have substan-
tially constant values, so that the functioning of
an electric controlling circuit is restricted to linear
operations involving simple mathematics. Moreover,
these circdit elements are standard radio coniponen'ts,
everywhere obtainable and easy to handle. The

design of the amplifiers used in these circuits may

‘draw on the experience gained in telecommunica-
tions. For these and other reasons, the control action
with an electronic controller is achieved in a rela-
tively simple manner. As a final argument it should
- be mentioned that the maintenance and testing
of electric and electronic instruments and, if neces-
sary, the replacement of parts, are usually sunple
routine work.
' Sometimes it is desirable that the position of the
valve depends not only on the deviation of the
measured quantity from the desired value, but
- also on the time for which this
existed, or on the rate at which the deviation
increases or decreases (integral or derivative control
respectively, cf. 2)). Futhermore it may be necessary
that the desired value of the controlled condition
changes as a function of time (programme control).
All these requirements can be satisfied by electronic
controllers in a simple way.

If no work of a mechanical nature is required of
the correcting element, a- wholly electric system
can be used. An example of this is the regulation
of an electric furnace with the aid of transductors
_or gas-filled tubes. If, however, as in the case
considered here, the position of a mechanical valve
has to be altered, a motor element (valve motor
S in fig. 1) has to be used, which may operate
electro-mechanically, pneumatically or hydrauli-

cally.

the nature of this mechanism, but only with the
electrical part of the controlli.ng unit.

Automatlc control by means of the automatic poten-
_ tiometer

The working principle of the automatic poten-

tlometer/bndge is as follows: a contact fitted on a
carriage is moved by a motor along a resistance
slidewire incorporated in the measuring circuit,
the motor adjusting this contact to a position

. corresponding to the value of the measured quantity.
- For automatic control, a voltage is required whose

deviation has-

In the following we shall not be concerned with
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amplitude and polarity corresponds to the devia-
tion of the measured quantity (in this case the
furnace temperature) from the desired value. Such
a voltage can be obtained by means of a second
slidewire, equal in length to the measuring slide-
wire and with a movable contact-fixed to the same
carriage as that on the latter. On the controlling
slidewire, a second contact is fitted which can be
set by hand to a position corresponding to the
desired value of the controlled condition. With a
voltage E, applied across the coﬁtrolling' slidewire,
there is a voltage E; between its two contacts

(1 and 2 in fig. 2) that is proportional to the

difference between the actual furnace tempera-
ture and the desired furnace temperature. This
voltage can be used to determine, via an actuating
mechanism, the position of the gas valve.

82018

Fig. 2. Use of the automatic potentiometer for control of the
temperature of a furnace. B measuring circuit; Th thermo-
element; R, measuring slidewire; A amphﬁcr, M drive motor;
R; control slidewire. The contact 1 is mounted on the same

. carriage as the contact of the measuring slidewire. Contact

2 is set to a position corresponding to the desired temperature.

In the following we shall deal with some circuits

- for electronic controllers and what can be achieved

with them in industrial processes.

Two-step control

One of the simplest systems of control is that
in which the valve or correcting element has two

‘positions only, viz. a position A, which, if main-

tained, would raise the furnace temperature T
to above the desired value T, and position B -
which would cause the temperature to drop below
T, The valve has to be in position B if T is higher
than T, and in position 4 if T is lower than T,.
Each time the desired"value is passed, the valve
changes its position, so that the  temperature
continues to oscillate .between two values, oneé
higher and one lower than T,.

.
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This can be effected with the circuit shown in
fig. 3. The positidn of the contact 2 of the controlling
- slidewire R; corresponds to the desired value of
the temperature; that of contact I to the actual

£y L 82913
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Fig. 3. Circuit for two-step control of the temperature of a
furnace. 4 amplifier; D phase-sensitive detector. The other
letters have the same significance as in figs. 1 and 2.

~ value of the temperature. An alternating voltage
E; of mains frequency, is applied to the controlling
slidewire. The voltage E, between the contacts 1
and 2 (the error voltage), after being raised to a
- value E,’ by the amplifier 4, is applied to a phase
sensitive detector D. The circuit diagram of the
latter is shown in fig. 4. The alternating voltage
E,’is added to an alternating voltage Ej and applied
to the grid of a triode. An alternating voltage
E, is applied to the anode of this tube. E,, Ej
and E,  have, of course, the same frequency.
Ej and E, are in anti-phase and have such values
that, when FE, becomes zero, anode current
ceases to flow through the triode. E,' and E,
are either in phase or in anti-phase, according to
whether the contact I is to the left or to the right
of contact 2. If both voltages are in phase, anode
current flows through the tube during each half-
period and- the armature of relay Re is attracted.

I v l 82920 )

Fig’.'ll'. Diagram of a phase sensitive detector. Re Relay. ’

If on the other hand E,’ is in anti-phase with E,,
the tube passes no anode current.and the relay is
not energised. Whether or not the relay is energised
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is thus an indication of the direction in which the
temperature deviates from the desired value. This
relay operates the correcting element, e.g. a gas valve,
via a motor element and sets it to either position
A or position B. The circuit is preferably so
arranged that the releasing of the armature of-Re
corresponds to a safe position in the process to be
regulated; in the present example, therefore, it

.corresponds to the closed position of the gas valve.

Should the controller break down, so that E,’
remains zero, there is then no chance of the tempe-
rature rising to a dangerous value.

. The positions 4 and B of the gas valve correspond
to a %, and b %, respectively (a > b) of the maximum
opening ypax of the valve. The inherent temperature
oscillations are smaller. according as the difference
between @ and b is less. In practice, the extent to
which this difference can be reduced is restricted
by the fact that at y = ypax /100 the temperature .
must be able to rise above Tjjunder all circumstances,
that is to say, even under the most adverse condi-
tions, e.g. the lowest ambient temperature and
the lowest gas pressure. Conversely, at y =
¥max @/100 the furnace temperature must be able to
drop below T, even at the highest ambient tempera-
ture and the highest gas pressure. The neccessary
difference between a and b is therefore, as a rule,
dictated. by local conditions. In a- special case a
can be 100 9, and b 0 %,. Such a system is termed
on-off control. A system like this obviously involves
fairly large oscillations in the temperature, but it
has the advantage that in many cases the construc-
tion is relatively simple. '

The magnitude of the oscillations may be limited
by selecting the most suitable position of the meas-
uring element with regard to the source and dissi-
pation of the heat. If the measuring element reacts
(via the furnace temperature) to the position of
the gas valve with only a slight time lag, excessive ’
fluctuations may be avoided. .

Multi-step control -

If for a given process the external conditions
(ambient temperature, gas pressure etc.) vary to
such an extent that a two-step control would

" necessitate an excessively large differential between

a and b, the followihg system can be used. The

differential between ‘@ and b is made just large )

enough to ensure a properly functioning control’
for small fluctuations of the external conditions.
A third setting C of the valve is provided to take
care of those situations in which the small differen-
tial between a and b cannot cope with. the- wide
variation in external conditions. If, for example,

MY
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the ambient temperature, were so high that, even
with the valve in the B position, the temperature
continued to increase, the third position C of the
valve would be set at a more closed position than
B, i.e. c<<b. Thus, if the temperature should exceed
a certain value T, (>T,) the controller causes the
valve to move to the ¢ position, where it stays
until the temperature has dropped below T;. The
setting ¢ is of course fixed at such a value that
under all condition, the temperature T can drop
below T, when y = y14« @/100. The net result is that
at a high ambient temperature, control will take
place about T, just as with two-step control. If
the ambient temperature falls, control again takes
place about T, This is known as three-step control.
Fig. 5 is a sketch showing how such a system can

82921

Dy

Dy

Fig. 5. Part of a circuit for three-step control. R; controlling
slidewire; 4, and A, amplifiers; D, and D, phase sensitive
detectors. Contact I moves with the contact of the measuring
slidewire. Contacts 2a¢ and 2b are adjusted by hand.

.

be realized. The controlling slidewire R, is now
provided with two manually adjustable contacts,
2a and 2b. The contact I is again moved together
with the contact of the measuring slidewire. The
two voltages E,, and E,; are applied, via ampli-
fiers, to separate phase detectors D; and D,. The
position of contact 1 determines whether both the
phase detector relays are open, both closed or one
open and one closed. These three possibilities deter-
mine, via a motor element, the three positions
of the gas valve. Fig. 6 shows the effect of a
three-step control on the furnace temperature T
as a function of the time ¢ when the ambient tem-
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Fig. 6. The temperature T of a furnace as a fuiction of the
time ¢t for a system of three-step control, the external conditions
being such that the furnace temperature has a tendency to
rise continuously.
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perature is rising. Imtlally T oscillates regularly
about the value T, but after some time it rises
and oscillates about T,. The three-step control

discussed is the simplest case of a multi-step control. -

Clearly this system may be extended in principle
to a control system with any number of steps.
With multi-step controls, oscillations in the furnace
temperature due to large changes in external con-
ditions can be kept reasonably small.

Proportional control ‘ ‘ . -

Both two-step control and multi-step control
are examples of discontinuous control systems.

" In these systems the gas valve (or amy other

correcting element) can be set only to a number of
discrete positions. This limitation does mnot exist
in continuous control systems. One such continuous
control is proportional control. This method may
be considered as an extreme case of a multi-step
control system with an infinite number of steps at

infinitely small intervals. The displacement of the *

correcting element is then proportional to the
deviation of the furnace temperature from the
desired value. (The time required. for the movement
of the correcting element is disregarded here.)

Proportional control could be realized electri-
cally with a gas valve operated by a solenoid to
which a-voltage is applied proportional to the
difference between the actual and the desired
temperature. This construction, however, has the
drawback that the relationship between the valve
opening and the voltage applied to the solenoid is
likely to be disturbed by forces acting upon the
valve (e.g. frictional forces). A. further drawback
is that considerable power must be expended
merely to maintain the position of the valve.

A system less subject to these drawbacks .is
shown schematically in fig. 7. Here again we have
the controlling slidewire, R;, supplied with a

voltage E,. The contact I of R, is moved by the.

carriage of the measuring slidewire (not shown in

the diagram). The voltage  E, tapped off on this -

slidewire is added to a second voltage E,, which
is obtained from the two parallel shdewu‘es Ry and
R, supplied with a voltage E,. The contact 4 of

Ry is mechanically linked to the correcting element

(gas valve). Contact 3 of R, can be set by hand.

E, and E, are alternating voltages derived from

the mains via a transformer.

The difference between the tw&) voltages E and
Ey is applied to the amplifier 4,. The output voltage
of the latter contrdls the motor M, of the valve in
such a way, that owing to the displacement of the
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contact 4, the voltage difference E, E becomes
zero. Since (see fig. 7)

Ey= (v— 1) E,

and .
= (5~ e) Es»
it follows that :
E,

D’“yc=f2

(x—x) . . . .. (1)
The displacement of the gas valve with respect to
the position corresponding to y =y, is thus pro-
portional to the distance between contact 1 and 2.
Since there is usually a linear relationship between

ELECTRONIC CONTROL OF INDUSTRIAL PROCESSES _ : 25

In practice it is not possible to make the propor-
tional control factor arbitrarily large. Because
of the inevitable time lag that always exists
between a displacement of the gas valve and its -
complete effect on the furnace temperatuie, too
great a value of the proportional factor may create
an unstable condition in which the furnace tempera- -
ture is subject to large oscillations 8). This restricts
the choice of the proportional control factor. The
large drift from the desired value which can occur if
the factor is too small can, of course, be corrected
by adjusting contact 3, but this may be most in--
convenient if it has to be done too frequently. By
adding to the proportional control a circuit for

m!Z Rz
XOE] . . )

Ex

e e

L

Fig. 7. Schematic lay-out of a proportional control system. The right-hand part (surrounded -
by chain line) is situated near the measuring element, the left-hand part mnear the

correcling element (valve).

the furnace temperature and the displacement of
contact 1, proportionality between the displacement
of the valve and the temperature deviation of the
furnace is thus achieved. The proportional control
factor E,/E, can be varied by the choice of E; and

Ey

In general, x can reach the value x, only when

Yc is made equal to the valve position y. This

condition, however, is possible only if the external
conditions are such that for y = y, the furnace

. temperature - does indeed become ‘ equal to the

desired value. This can” be realized by adjusting
¥Yc by means of contact 3. If, after this, any
change occurs in the process to be-controlled or

‘in the external conditions, another position of

contact 3 would be necessary in order to make

x = xy when y = y,. If, however, the contact is left -

at its original setting, then x will differ from x,
by an amount which remains small so long as the
proportional control factor has a large value.

integral control, adjustment of contact 3 is no
longer necessary, as will be demonstrated presently.

Floating control and integral control

With proportional control there is a fixed relation-
ship between the deviation of the furnace tempera-
ture and the position of the correcting element.
In the case of floating contiol, however, the final

_control element is continuously displaced until the

furnace temperature no longer deviates from the
desired value. The rate of displacement may be
constant, or it may have two or more fixed values,
or it may be proportional to the value of the devia-
tion. In the latter case the total displacement of
the correcting element is_ proportional to the
time integral of the temperature deviation. This

%) This is completely analogous to the fact that an amplifier
“with negative feedback can go into oscillation if the feed-
back is large and if a large phase shift occurs at certain
frequencies. K
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special case of floating control is called integral
control. ;

An example of a floating control system is shown

~ schematically in fig. 8. The error voltage E. is

Ey ) 82924

v
rrrrr
Fe———

Fig. 8. Scheme for floating control. The motor M, actuated by
the output voltage E,’ of the amplifier 4,, changes the posi-
tion of the correcting element K. . . :

applied to the amplifier 4;. The output 'voltage-

E,’ of this amplifier controls the motor M; by
which the final control element is driven. If the
speed of the motor is made proportional to the
applied voltage, an integral control is obtained
(also known as proportional speed floating control).
The circuit may also be so arranged that the speed
of the motor remains constant (single-speed floating
~ control). In this case only the direction of rotation
of the motor, is governed by the direction of the
furnace temperature (i.e. on the sign of of the de-
viation £ — %x). This can be effected by applying the
output voltage of the amplifier 4, to a pair of phase
detectors, whose supply voltages are in’ anti-phase.
(fig. 9). Whether relay Re, or relay Re, is energized
depends on the sign of x — x;, so that the motor is
switched on with the desired direction of rotation.
If x—x, =0, which means that the controlled
variable has the desired value, both relays are
without current and the motor remains at rest.
With floating control the correcting element is
at rest only when the deviation of the furnace

82925

Fig. 9. Combination of two phase detectors, for use with a
. floating control with constant motor speed.
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temperature is zero. It therefore avoids the dis-
advantage of proportional control, namely, that in
spite of the control action, there remains a tempera-
ture deviation. An advantage of proportional con-
trol, however, is that once a change in the controlled
quantity occurs, the valve or correcting element
very quickly moves to the position corresponding
to the new situation. (The time of adjustment is
usually limited only by the speed of the valve itself.)
In the case of floating control, the speed of the motor
element is relatively slow. This means that if the
changes in the controlled quantity occur rapidly,
the final control element cannot quickly enough
reach the position necessary to establish zero
deviation of the controlled variable from the desired
value. Thus also with floating control, a sudden
change in the process results temporarily in exces-
sive deviations of the controlled quantity. Raising
the speed of the motor element may throw the
system. into oscillation. For this reason floating
control is generally used in combination with ‘
proportional control. A floating control of the
integral type is usually chosen in such cases.

Proportional and integral control

Fig. 10 shows a simplified diagram of a control
system in which the displacement of the final
control element (y) depends both on the deviation
from the furnace temperature (therefore upon
% — x,) and on the time-integral of this deviation.
The voltage E,, which depends on the position of
the correcting element, is now mnot connected
directly in series with Ey, but via the capacitor-
resistor coupling C-R. The voltage E; and E,
are direct voltages in this circuit ¢). Again, the
correcting element is adjusted in such a way
that the input voltage to the amplifier becomes
zero. From fig. 10 we have: ’

" E,=iR.

Furt_hermore
‘ 1., ery
Ey= Ey(y— ¥¢) =-EILdl+ iR

and

Ey= (x— x,) E,.

From these equations it follows:

-

t
E,

I
?’*yc=f2%(x_xo)+fc“/ (x—-xo)dtg. (2)

4) The direct voltage applied in this case to the amplifier
A, will usually first be converted by means of a vibrator-
converter into an alternating voltage, so that a normal
A.C. amplifier can be used (Cf. e.s. Philips tech. Rev..
16, 117-122, 1954/55, (No. 4). . '
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In this way we see that the displacement of the
correcting element can be separated -into two

terms, viz. a term (x—xy)E,/E,, which is propor-’

_tional to the deviation from the furnace tempera-
ture, and a term that is proportional to the time-
- integral of this deviation. The latter term will
be larger the smaller the value of the product RC

B
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orarily in a fixed position). Adding the two terms
we see that the initial change in y—y, due to the
proportional control action is doubled by the
integral term after a period of time given by

t=RC.

This is called the integral action time.
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Fig. 10. Circuit for propornonal + integral control. By 1nterchang1ng the elements C
and R, a circuit for proportional - derivative control is obtained.

The significance of this RC-product may be clarified
by the following considerations (fig. 11). "

If, starting from the condition where x = x,, a
sudden change in x occurs, this is accompanied by

x.

—t

~

h %
[
|

N IO

(T~ —t
Fig. 11. Variation of x and y with time, due to a sudden change

in the controlled variable x, for a system of combined propor-
tional and integral control.
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a sudden change in y to the effect that y—y, =
(x—,)E{/E,. Because of the.integral term in (2)
however, y —y, is further increased by a term

E, x—x,
, E,

- ‘ i -
(it is assumed that the furnace reacts so slowly

that during the interval considered x— x, remains
virtually constant or that contact 1 is kept temp-

From (2) it is self-evident that the correcting
element is displaced as long as there is any deviatioxi
present between x and x,. Hence, with the system
considered here, the controlled variable does in.
fact attain the desired value.

Proportional and derivative control

In our discussion of proportional control we have
already pointed out that the proportional control
factor cannot be made indefinitely large because of
the risk of instability. In many cases the stability

may be improved by using a circuit in which the

correcting element is given a displacement pro-
portional to the time derivative of the deviation from
the controlled condition in addition to the displace-
ment due to proportional action. A circuit suitable for
this can be derived from fig. 10 by interchanging
the capacitor C and the resistor R. By a similar
argument to that used for integral control it can
be shown that the displacement of the ﬁnal control
element is given by the equanon

Y—=Ye= E: (x—x0)+RC (x-—xo) (3)

Here too, the latter term depends upon the RC-
product. The significance of this product can be
established as follows. Suppose that the system,
initially in equilibrium (x = x,), is subjected to a
change such that x varies at a C(‘)nstvant speed,




28 ' o PHILIPS TECHNICAL REVIEW

i.e. dx/dt is constant. Let the value of dx/dt be k
(see fig. 12). The correcting element is then given
a sudden displacement, due to the derivative action,
of value y—y, = RCEE,/E,. It also gets a displace-
ment from the proportional action, and this in-
creases with time since the variable itself (x— x;)
has been assumed to be changing linearly with time;
- this displacement is given by y —y, = ktE,/E,.
~ These two displacements reach the same value after
a time t = RC. This period is called the derivative
action time.

Xo

— -t
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Fig. 12. Variation of x and ¥ due to a change in & at constant
rate for a system of combined proportional and derivative
control.

Proportional, integral and derivative control

The properties of the two previous circuits can
be combined as in the circuit of fig. 13. The two
RC-networks, R,C, and R,C,, are now both incor-
porated. The displacement of the correcting element
_ is then given by the equation

VOL. 17, No. 1

Y B |
ahﬁ—ﬁ(%fd + Rq

|2

/w_wm+mggu-wg(@.
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The integral and derivative actions are given by the
same terms as in equations (2) and (3), but the
proportional action is now given by the term

R%
R,C,

so that in this case, the proportional action also
depends on the value of R, C;, R, and C,.

%(xf‘ xo)( +x +

2

Time-proportional control

The continuous control of large electric furnaces
requn'es large and elaborate control devices, such
as thyratrons, variable transformers and transduc-
tors. For this reason a discontinuous control action
is often preferred, in which the
simply switched on and off at intervals. A far
simpler apparatus (as a rule a magnetic switch)
can than be used, but this has the
tage that quite considerable oscillation in the
furnace - temperature may occur. It is, however,
also possible to obtain the effect of a continuous
control,
discontinuous control. This can be achieved by
switching the applied power either on and off or
between two specific values, at a constant frequency.
The ratio between the periods during which the
furnace is switched on and switched off is made
continuously variable and dependent upon the
difference between the actual and the desired fur-
nace temperature. The relationship between these

furnace 1is

disadvan-

whilst maintaining the simplicity of a

SV |

L

Fig. 13. Layout of circuit for proportional, integral and derivative control.
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Fig. 14. Diagram of a circuit for control by time-proportional switching. The contact 4
is moved up and down periodically at a constant rate.

two values may be proportional, integral or

derivatative, or it may be a combination of these.

Fig..14 shows a simplified diagram of a circuit
for obtaining a proportional control in this way.
Here again the voltage Ey is added to the voltage
E, of the controlling slidewire. Contact 4 is now
‘moved periodically up and down, so that the
voltage Ey shows a similar periodic variation. In
Jig- 15 the voltages E, and E, are plotted as func-

AN
g
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Fig. 15. Voltages E, and Ey of fig. 14 as functions of the time.
t, and t, represent the times during which the furnace is swit-
ched on and switched off, respectively.

tions of time. As regards the latter voltage, if con-
tact 3 is placed in the middle, E, will vary sym-
metrically, about the zero line. The instants when
the input voltage of the amplifier passes through
zero are given by the points of intersection of the
E; and E, curves. At these instants the input
voltage changes its phase by 180° which, by means
of a phase detector and a magnetic switch, causes
the furnace to be switched alternately on and off.
As can be seen from fig. 15, the ratio of the time
t, during which the furnace is switched on, to the

time ¢, during which it is switched off, is dependent -

upon E,. The mean value of the applied power
is thus continuously dependent upon the deviation
of the furnace temperature. The rate at which swit-
ching occurs (i.e. the period of the E, oscillation)
should be so selected that the fluctuations of the

furnace temperature caused by it, are sufficiently
small. S

As in the system of proportional control dealt
with above, a certain deviation from the controlled
condition after a change in the process will likewise
remain with a circuit such as that shown in fig. 14.
Here too, this can be corrected if necessary, by
re-adjusting contact 3. ‘

Programme Control

In the foregoing the value of the controlled,
condition was assumed to be constant. In some cases,
however, it is necessary to vary the desired value
as a function of the time. One way in which this

_ could be achieved is by incorporating in the control

unit a mechanism by which contact 2 is displaced
in accordance with a given time function, viz. the
“programme” of the process. Generally, however,
a method is preferred which does not require any
special mechanism to be built into the controlling
unit. An example of this is the circuit shown in
fig- 16. A separate apparatus, the programme trans-
mitter, contains a second slidewire R, in parallel

Fig. 16. Circuit for programme control. The slidewire Ry is
‘incorporated in the programmer which is separate from the
potentiometer. ’ :




Fig. 17. The Philips programmer, type PR 7211.

with the controlling slidewire R;, The contact 2,
which serves for setting the desired value is now
mounted on this second slidewire Rj, and is moved
along it in accordance with the required time
function. The Philips programme controller has a
rotatable cylinder of insulating material mounted
parallel to R,, carrying a conducting wire on
its surface running along the graph of the required
time-function. At one spot this wire is in contact
with the potentiometer R, The cylinder is rotated
at uniform speed by an auxiliary motor, so that
the point of contact moves according to the desired
time function. The programmer is illustrated in
Sfig. 17.

Alternative control systems

A number of the control systems described in the
foregoing may also be realized in other ways, still
using the automatic potentiometer for the measure-
ment. An on-off control, for example, can be realized
by using the carriage of the measuring slidewire to
operate an on/off contact at a certain point. There
is the drawback, however, that in this case a greater
force is necessary for displacing the measuring
carriage at the position corresponding to the
value of the controlled condition. In this way the
sensitivity of the measuring bridge is impaired.
Furthermore, for making and breaking a contact,
a certain displacement of the carriage is always
required, so that there would be a permanent dif-
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ferential between the points of switching on and
switching off. In the control system already des-
cribed, the carriage has to overcome only relatively
small frictional forces and the sensitivity of the
measuring bridge is uniform. By using a high gain
amplifier, the differential between switching on and
switching off may be reduced virtually to zero.
Systems for continuous control may also be
derived mechanically, pneumatically or hydraulically
from the automatic potentiometer. An integrating
and derivative system can be realized, for example,
pneumatically or hydraulically by means of capilla-
ries and volume elements. These, however, require
more maintenance than the corresponding electrical
elements (resistors and capacitors). In pneumatic
systems, for example, it is necessary to use dry,

oil-free and dust-free air to minimize rust and

clogging or frvvzi}ng in orifices and capilliaries.

The use of an electric control system does not
exclude the use of hydraulic or pneumatic final
control elements. An electrically controlled hy-

draulic or pneumatic valve positioner or similar

device is then used.

Summary. A survey of the various types of automatic control
actions and how these may be achieved electronically for the
control of industrial processes. The various circuits described
are suitable for use in conjunction with the automatic potentio-
meter/bridge described in a previous article. The various
methods of control may be divided into systems for discontin-
uous and for continuous control. The discontinuous system
most widely used is the two-step control. If the conditions
under which the process takes place vary considerably, this
method can be extended to a three-step or multi-step control.
When the number of possible positions of the regulating unit
is made very large, this system becomes a continuous control
system, e.g. proportional control. One objection to the latter
is that the controlled variable may not remain exactly at the
desired value. This objection may be overcome by using a
floating control system, of which integral control is a special
form. The drawback inherent in integral control, viz. that the
correcting element does not react instantaneously to a sud-
den disturbance in the process conditions, may partly be ob-
viated by combining integral and proportional control. In
order to improve the stability when the proportional control
factor is large, derivative action may be added to proportional
control. The quasi-continuous control of electric furnaces
may be achieved with advantage by means of time-propor-
tional switching; with simple circuitry the ratio of the on and
off times of the furnace may, for example, be made proportional
to the deviation of the furnace temperature from the desired
value. Finally, a brief description is given of programme
control and of alternative non-electronic control systems used
in conjunction with an electronic automatic potentiometer.
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LINEAR ELECTRON ACCELERATORS FOR DEEP X-RAY THERAPY

Along with the development of linear electron
accelerators for nuclear physics research, similar
machines have been designed and built for medical
purposes. Linear accelerators are capable of pro-
ducing an intense narrow beam of electrons having
energies of several millions of electronvolts 1)2).
When impinging on a suitable target, the electrons
generate X-rays of high penetrating power, so
providing a very efficient source for deep therapy.

621.384.62:615.849

Ministry of Health specification. The machine was
installed in Newcastle General Hospital during
August 1953 and has been in use for the treatment
of patients since December 1953. Since the X-rays
generated by electrons in this energy range are
emitted chiefly in a forward direction, the electron
beam itself must be swung round in order to provide
for different angles of irradiation of a patient.
This facility has been provided with the Newecastle

Fig. 1. Medical linear accelerator generating 4 MeV X-rays, installed at Newcastle Genera
Hospital (England). This was the first of a series of 4 MeV-accelerators to be used for
deep X-ray therapy.

The photograph shows a patient being set up for treatment. The double-ended gantry

houses the accelerator with accessories and X-ray head. The a

ant on the left adjusts

the height of the couch and the angle of the gantry to provide the correct point and

angle of incidence of the radiation.

The photograph fig. 1 shows a 4 MeV medical
linear accelerator designed and built at the Mullard

Salfords (England), to

Research Laboratories,

1) D. W. Fry, The linear electron accelerator, Philips tech.
Rev. 14, 1-12, 1952/53.

machine by mounting the accelerator on a large
double-ended gantry, the X-ray beam being directed
towards the axis of rotation where the patient is

?) C. F. Bareford and M. G. Kelliher, The 15 million electron-"
volt linear electron accelerator for Harwell, Philips tech.
Rev. 15, 1-26, 1953/54.

g




located.

Fig. 2 may serve to illustrate the general
lay-out. A more detailed description of this equip-
ment ?) will appear in a future issue of this Review.

Fig. 3 gives an impression of an even larger medi-
cal linear accelerator producing 15 MeV X-rays.
This machine has recently been installed in St.
Bartholomew’s Hospital Medical School, London,
by a team of scientists of the Mullard Laboratories
headed by T. R. Chippendale under the direction
of P. E. Trier %). The accelerator is similar to that
already described in this Review 2). Swinging the
whole accelerator round for changing the angle of
irradiation is not a practical proposition for a ma-
chine of this size. In this case, therefore, the accele-
rating waveguide is mounted in a fixed horizontal
position and the electron beam emerging from it is
bent through 90° by a powerful electromagnet be-
fore hitting the target. The X-ray head housing the

3) A preliminary account was given by T. R. Chippendale and
M. G. Kelliher, A linear accelerator for X-ray therapy,
Discovery 15, 397-404, 1954 (No. 10).

4) A 15 MeV linear accelerator for medical use, Electronic
Engineering 26, 527-528, Dec. 1954 (No. 12).
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target and the electromagnet can be rotated about
the horizontal axis of the machine to enable the
to be varied.

angle of irradiation

844r7

Fig. 2. Schematic representation of the machine shown in
fig. 1. A is the accelerator proper (corrugated waveguide |1
metre long), mounted in gantry G rotatable about the axis a
by means of an oil motor D. E electron gun, X X-ray head,
M magnetron, F' feedback bridge, V' diffusion pump, .J rota-
ting vacuum joint, W counterweights, P patient’s couch,
L water load.

Fig. 3.
Hospital Medical School, London.

15 MeV linear accelerator installed in its temporary building at St. Bartholomew’s
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In fig. 3 it is seen that the target end and X-ray

head of the machine are supported from above to

permit the positioning of patients underneath. The
angular position of the X-ray head is indicated by
the scale at top centre. The X-ray beam field size,

which may be adjusted using the comntrol buttons

on the head, is indicated on the two lower scales.
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Four of the six metres length of the accelerator
are housed in a separate room which is divided
from the treatment room by a concrete wall 1 metre
thick. The gap in the wall visible in the phtograph
and permitting a complete view of the accelerator
is normally closed with concrete blocks.
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R. Vermeulen: Sound recording. General
review, presented at the first I.C:A. Congress
on Electro-accoustics, Delft, 1953 (Acusuca
4, 17-21, 1954.) ‘

General considerations on sound recording. The

2161:

. -

following topics are dealt with; improvements in
gramophone records, gramophone recording and
reproduction, tape recorders; information theory
in relation to reproduction of music, fidelity of the

reproduction, stereophony, artificial reverberation.

2162: J. Rodrigues de Miranda: The radio set as

an instrument for the reproduction of music
(Acustica 4, 38-41, 1954).

In connection with the reproduction of music by
- radio the following desiderata are put forward:
1. Distortion should be decreased as the high fre-
quency range increases. 2. Means are desirable for
adjusting bass response, for cutting off and for gra-
dual attenuation of treble. 3. The electro-acoustical
engineer and the architect should cooperate closely.
The cabinet must be rigid, the loudspeaker placed
forward; its cloth chosen carefully. 4. The speaker
should be chosen in accordance with the acoustical
. properties of the .cabinet. The audio-frequency

characteristic of the set should be carefully
determined. . - -
W.K. Westmijze: Application of the recipro-

- 2163:

" city theorem to magnetic reproducing heads
-(Acustica 4, 50-52, 1954).  ®°

It is shown that the output of a magnetic repro-

ducing head can be calculated if the field distribu-

tion in front of the head is known for the case when

the latter is energized. Application of this method -

. enables us to predict the response curve of a wide-
gap head and to explain the existing difference

between wide-gap and mnarrow-gap measurements. -

. 2167*:

2164: A. G. Th. Becking and A. Rademakers:

Noise in condenser microphones (Acustica’

4, 96-98, 1954).

It is pointed out that the mechanical resistance,
used for damp’ing a simple mechanical oscillator,
acts as the source of d fluctuating force with
spectral intensity 4RkT. In the case of a condenser
microphone this results in a noise pressure on the
diaphragm, which lies in the region of audible sound
pressures. Experimental results, obtained w1th two
microphones, agree well w1th the theory

2165:
) for hearing aids (Acustica 4, 143-145, 1954).
The different ways of defining the input sound
pressure on a hearing aid are discussed. In addition,
a comparison is given of the spemﬁcatlons for' accept-
able hearmg alds in some European countries.

J. Volgei-, J. M. Stevels and C. van Ame-
rongen: The dielectl'icz_ relaxation of glass and
the pseudo-capacity of metal-to-glass inter-

2166:

faces, measured at extremely low frequen-
cies. (Philips Res. Rep. 8, 452-470, 1953,
No. 6).

See R 232.

H. Bremmer Ona phase -contrast theory of
electron-optlcal image formation. (Electron
Physics, Circular 527, Nat Bur. Stand.,
March 1954, 145-158).

The scattering of electrons by an object, as ai)plied
in electron microscopy, can be dealt with by means
of an integral equation, which follows from the
Schrédinger equation corresponding to the electro-
static potential field inside the object. This integral
equation can be solved by a series, the consecutive

.

A.G.Th. Beckin’g’i‘ Methods of measurement

cear
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terms of which may be interpreted as the contri-
bution due to repeated scatterings of the incident
electron waves by the object. Summation of the
main contribution (for very small electron wave-
lengths) of these terms leads to a wave function in
the object plane (this is a plane immediately behind
the object), which in every point depends only on
the potential distribution along the straight line
joining this point with the electron source. From
the values of the wave function in the object plane

“it is.possible, by well-known mathematical methods,

to derive the behaviour of the wave function in the
space behind that plane. In this way it is possible,
in principle, to investigate also the image formation.

2168: J. Haantjes: Die Fernsehiibertragung der
englischen Kréningsfeier nach dem Fest-
land (Fernmeldetechn. Z.7, 129-133, 1954,
No. 3). (Television transmission of the
English, coronation festivities to the con-

tinent; in German.)

See Philips techn. Rev. 15, 297-306, 1953.

2169: A. M. Kruithof and A. L. Zijlstra: Les
propriétés élastiques d’un certain type de
verre (Verres et Réfractaires 8, 1-13, 1954,
No. 1). (The elastic properties of a certain
type of glass; in French.)

The disappearance of internal stresses in glass at

. constant temperature, turns out to be dependent on

~

three factors: the viscosity, the instantaneous
elasticity and the elastic after-effect. The first part

- of the article deals with these factors for a certain

type of glass. Special attention is paid to the elastic
after-effect. This can be described.by a so-called
delayed elongation which, after the sudden appli-
cation of a constant stress, can be represented as a
function of time by the sum of two exponential
factors. . .
In the second part, a formula is derived for the
disappearance of internal stresses in a rod of
stabilized glass at constant temperature, which is
suddenly stretched to a specified exent by the appli-
cation of a constant tensile force. As a result of the

mutual effects of viscosity, elasticity and elastic -

after-effect the resultant stresses disappear. Their
disappearance can be described by the sum of three
exponential functions. This formula is tested

~ experimentally. The results agree very well with

the theory.

2170: E.J. W. Verwey: Das Kriftespiel zwischen
Teilchen in Iyophoben Xolloidsystemen
(Kolloid Z. 136, 46-52, 1954). (The effect
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of forces between particles in lyophobic
colloids; in German.) ‘

It appears from the theory that the behavior and
particularly the stability of lyophobic colloids is in

_accordance with the balance between the Van der

Waals-London forces of attraction and the repul-
sion forces of the electrolytic doublelayer. The nature
of these forces is examined more closely. The results
of the theory point to an elegant explanation of the
well known Schulze-Hardy rule, and thereby a
further extension of our knowledge of van der Waals-
London forces. v '

2171: H. J. G. Meyer: Theory of radiationless
transitions of I centres (Physica 20, 181-182,
1954).

Calculations are reported, based on the Huang-
Rhys model, on the probality of radiationless transi-
tions in F centres. By using a very accurate approxi-
mation formula- for modified Bessel functions of
large index and large argument, an expression is
derived which allows a simple physical interpreta-
tion for the cases of high and low temperature and
which is easily calculated numerically. It is shown
that in principle with this model large probabilities -
for radiationless transitions can be obtained.

2172:  J. Volg;ar: Electrical properties of ceramics,
Part I. Semiconductors (Research 7, 196-203
1954).

A review is given of some ceramic products of
value in the electrical industry, most of the materials
considered being oxides of the transition metals.
Some introductory remarks on their crystal struc-
tures and on the occurrence of certain substitutions
and imperfections in the lattice are followed by a
discussion on their electronic conductivity and in
particular on the relation between the conduction
mechanism and the occurrence of certain transition
metal ions in different valéncy states. The influence
of the polycrystalline nature of these materials on
conduction and on a number of second-order con-
duction effects (e.g. Hall effect and frequency
dependence of resistivity and magneto-resistance)
is briefly discussed. Some applications of ceramic
oxidic semiconductors are mentioned.

2173*: C. J. Bouwkamp: Diffraction theory (Rep.
Progr. Phys. 17, 35-100, 1954).

A critical review is presented of recent progress in
classical diffraction theory. Both scalar and electro-
magnetic problems are discussed. The report may-
serve as an introduction to general diffraction
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theory although the main emphasis is on diffraction
by plane obstacles. Various modifications of the
Kirchhoff and Kottler theories are presented.
Diffraction by obstacles small compared with the
wavelength is discussed in some detail. Other topics
included are: variational formulation of diffraction

problems, the Wiener-Hopf technique of solving -

integral equations of diffraction theory; the rigorous
formulation of Babinet’s principle, t.he’ nature of
field singularities at sharp edges, the application of

Mathieu functions and spheroidal wave functions to .

_diffraction theory. Reference is made to more than
500 papers published since 1940.

2174: J. Volger: Electrical properties of ceramics,
Part II. Dielectries and ferromagnetics
(Research 7, 230-235, 1954).

After some remarks on ceramics as insulating
materials, the use of ceramic dielectrics for use in
condensors is discussed. The factors favouring a

high value of the dielectric constant are considered”

and in particular the occurrence of such high values
with BaTiO,;. A number of interesting properties of
soft ferromagnetic ceramics than are given, all of
the ferrite or- ferroxcube type. The saturation
. magnetization values are discussed in connection
- with the theory of IVéel. Attention is given to theh.f.
properties of ferroxcube, i.e. the various resonance
and relaxation phenomena which occur. Finally,
a hard ferromagnetic ceramic called magnadur (also
known as ferroxdure) is dealt with. This is a
hexagonal oxidic compound of iron and barium
with an extremely large coercive force. It may be
used for permanent magnets which must withstand
large demagnetizing fields.

2175:
(Audio Engineering 38, 21, 1954, No. 5):

Recapitulation of the work of K. de Boer on the
mechanisms of binaural and stereophonic sound
phenomena. The perception of direction is discussed
as being due to differences both in the time of
arrival of the sound and in the intensity. The
differences between binaural and stereophonic
listening are outlined; in the latter case the sound

. image is less well defined. It is pointed out that the
aim is not to try to reconstruct the original sound
field, but to deliver the correct sound to each ear to
simulate a sound source from a certain direction.

_ ‘Some empirical rules for the placing of microphones

and loudspeakers are given. Finally mention is made
of the part played by head movements in the location
of the sound image by the listener.

R. Vermeulen: Stereophonic reproduction
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2176: J. L. H. Jonker: Ten-volt effect with oxide-
- coated cathode (Electronic Engineering 26,
282, 1954).

According to a theory given earlier, the anomaly
in the diode characteristic that occurs at an anode
potential of 10 V should be attributed to the fact
that the space-charge contribution of electrons
reflected from the anode then shows a minimum
(see Philips Res. Rep. 2, 331-339, 1947). This
theory is confirmed by measurements on the reflec-
tion and secondary emission of a surface that had
been maintained for some time facing an emitting

. oxide cathode.

| 2177: Bb. Combée and A. Engstrém: A new device

for micro-radiography and a simplified tech-

nique for the determination of the mass of

cytological structures (Biochim. et Bioph.
.+ Acta 14, 432-434, 1954).

A sealed-off X-ray tube with a very thin Be
window is used as a source of soft X-rays for quanti-
tative historadiology by means of contact micro-
radiography. A procedure is described whereby the
mass of the specimens may be determined without
the necessity of reference exposures. The resolution
of the image obtained with this tube is about 0.5 w.

2178: H. de Lange: Relationship between critical
flicker-frequency and a set of low-frequency
characteristics of the eye (J. Opt. Soc.

America 44, 380-389, 1954)

Measurements of the critical flicker frequency of |
the eye as a function of both the average luminance
of the test field and the time variation of this
luminance were recorded by plotting the “ripple
ratio” r against the critical frequency; r is defined as
(amplitude of first Fourier component)/(average
luminance) of the stimulus. It is shown that with
constant average luminance, the points observed
for various time functions fit into one smooth curve,
which for low luminance is monotonic. At high
luminances the curve shows a minimum in r at a

_critical frequency of about 9 c¢fs. This means that

the eye has a maximum sensitivity to flicker at
this frequency.

©2179: L. A. Z. Sluyterman and B. Labruyére:

Side reactions in the polymerization of u-
amino acid N-carbonic anhydrides. Titra-
tion data of polyglycine and polyalanine
(Rec. trav. chim. Pays-Bas 73, 347-354-

1954). . ' ’
‘Polyglycine and polyalanine obtained by poly-
merization of their N-carbonic anhydrides often




36 ‘ . " " PHILIPS TECHNICAL REVIEW

appeared to certain more acid groups than animo -
‘groups. This is ascribed, at least partly, to the for-
_mation of hydantom groups. A small amount of
2.5- dlketoplperazme was isolated from polyglycine.

A discussion of the results and their bearing upon

the calculation of molecular weights is given.

2180: F. A. Kroger, H. J. Vink and J. van den
~ Boomgaard: Controlled conductivity in

~ CdS single crystals (Z. phys. Chem. 203, 1-72

1954, No. 1/2). - -

The electrical properties of single crystals of pure
CdS or of CdS containing gallium, indium, antimony,
chlorine or silver de'pend~ markedly on the atmo-
sphere of preparation. Crystals subjected to an
oxidizing atmosphere (i.e. sulphur vapour) are
insulators or semi-conductors, showing photocon-
duct1v1ty, crystals subJected to a reducing atmos-
" phere show qua51-meta]hc, electronic conductlvn;y,

For crystals doped with Ga or Cl, the number of .

carriers in the reduced crystals is comstant over, a
“wide range of temperatures and equal to the con-
centrations of forelgn ions over a’ wide range of

atmospheres {controlled valency). The optical pro-,

perties (absorption, fluorescence) vary also with the
atmosphere, aBSorption bands in the yellow part of
_ the spectrum appearing in oxidized, but not in
reduced crystals. A general theory is developed by
extending Schottky and Wagners theory of lattice

imperfections along the lines indicated by Schottky

(1935), By means of this theory it is possible to
calculate the dependence of the concentration of
the various kinds of lattice imperfections, donors,
traps, and acceptors, on the concentration and
nature of the impurities and the reducing power of
the atmeosphere. Applying this theory to CdS, a
satisfactory agreement with the experiments is
obtained. v

2181: J. te Winkel: Lijnversterkers voor draag-
‘golfsystemcn op coaxiale kabels (De Inge-
nieur 66, E.61-65, 1954, No. 25). (Line
amplifiers for carrier telephone systems on
coaxial cable; in Dutch.)

A brief survey of the principles governing

the design of these amplifiers.

VOL: 17, No. 1
2182: E. Hévinga and J. P. L. Bots: Studies on
Vitamin D, I. The synthesis of vitamin D,
3 C1¢ (Rec. trav. chim. Pays-Bas73, 393-400,
1954). '

In connection with the study of the metabolism of
vitamin D, vitamin D, has been synthesised with a
C™ atom in place of the third carbon atom. The pre-'
paration of this vitamin D; 3 C is described.
Special attention is paid to the technique of the
photochemical conversion of 7-dehydrocholesterol
3 C# (small quantities) and to the isolation of the
labelled vitamin Dy from the irradiated mixture.
Some biological experiments are briefly described. -

2183: G.W.Rathenau and G. Baas: Croissance des
" grains, observée par microscopie electronique
4 emission (Métaux, Corros. Ind. 29, 139-
150, 1954 (No. 344). (Grain growth observed
by means of the emission’ electron micros-
cope: "in" French.) :

Changes in structure .in metals and alloys at

elevated temperatures can directly - be observed

applying emission 'electron microscopy. With the
instrument used for these investigations a resolving
power of about 1000 A is obtained.

Rolled faée:centred cubic NiFe alloys have been
used to study grain growth .in a texture. This -
investigation includes growth of one large grain of
deviating orientation in a well-pronounced texture
as well as grain growth in an imperfect texture. In
both cases only high energy boundaries move at
measurable speed. The results are discussed in
terms of interfacial tension effects.

An example of grain growth hindered by inclu-
sions is given for a Cr Ni steel specimen, containing
inclusions of o-phase.

Grain growth accompanying the transformation
a—>y in a SiFe alloy has been described. In this case
the rate of diffusion determines the rate of growth
of the y grains.

The austenite-pearlite transformation in eutectoid
carbon steel has been directly observed. The exis-
tence of an - orientation relationship between
austenite and pearlite is improbable.as shown by the °
observations. Grain-boundary displacements in the
austenite have been observed near a growing
colony of pearhte




VOL. 17 No. 2, pp. 37-68 AUGUST 1955

Phi]ips Technical Review

DEALING WITH TECHNICAL PROBLEMS
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
THE PHILIPS INDUSTRIES

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

—_— — e ———————————
e ————— e ———

STUD WELDING WITH WELDING CARTRIDGES

by W. P. van den BLINK*), E. H. ETTEMA *) and P. C. van der WILLIGEN.

621.791.75
The number of studs welded every day is roughly estimated at over one million, and will
certainly increase considerably during the next few years. The importance of an inexpensive
and efficient stud welding process, as developed by the writers of the present article, will there-
fore be evident.
Introduction
Stud welding may be defined as the welding of a Steel studs joined to steel surfaces at right angles

rod-shaped object (pin, stud, bolt) to, say, a plate, have a vast number of applications. Some examples
at right angles, without employing a separate wel- are the securing of covers, the assembly of various
ding electrode. It can be done by means of a resis- parts of machines, flange connections, the fixing
tance weld or by employing the stud itself as a of facing material to a steel surface (say, wooden
welding electrode, that is, by drawing an arc be- planking on a steel deck), or the anchoring of pipe
tween the stud and the work. brackets in ships and other steel constructions. The
— boiler-making industry offers another example,
*) Philips” Welding Electrode Factory, Utrecht (Holland). viz. the fixing of studs, in large numbers, to heat
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exchanger tubes, to increase the overall area of
heat transfer, The frontispiece shows studs being
fixed inside a steel tank at the “N.V. Werkspoor”,
Amsterdam, by the recently developed process
of stud welding described in the present article.

Stud welding is much quicker and cheaper than
"the conventional method of fixing studs, that is,
screwing threaded studs into drilled and tapped
holes. Moreover, such holes weaken the plates and
may" cause leaks, objections which apply equally
torivets. Hence it is not surprising that such methods
are now being superseded more and more by various
stud welding processes.

Resistance welding

In resistance welding, stud and workpiece are
pressed together and a strong current is passed
through them. The contact resistance between the
two results in heat being generated at the point of
contact, so that the material is softened. When the
material is suitably plastic, the stud and the work
are clamped together between the jaws of a press.
How much of the cross-sectional area of the stud
is actually welded depends upon the current and
the pressure employed. The use of a press imposes
certain limitations on the size and shape of the work-
piece. On the other hand, this method of welding
is better than others in that it does mot form a
collar of weld metal around the base of the stud
(fig. 1); this is an important advantage for some
purposes (e.g. joining flanges).

a ‘ b S SR X

_ Fig. 1. Difference between the welds produced by the various

methods of stud welding.

a) Resistance weld.

b) Arc weld produced with separate welding electrode.

¢) Weld produced by drawing an arc direct between stud and
. plate.

The conventional method of stud welding

Studs can be welded, of course, with an ordinary
welding electrode. Although this method generally
produces a better joint, and is less limited. in scope
(e.g. as regards the size of the workpiece) than
resistance welding, it requires much time and skill

and is therefore rather expensive. In view of this

VOL. 17, No. 2

fact, . another - method, that of drawing an arc
direct between the stud and the work, was much
used in the ship-building and boiler-making indus-

“tries during the second world war. Usually, the stud

is pressed against the work by a mechanism in
the holder (or gum), the current is switched on,
and a mechanism at once retracts the stud a frac-
tion of an inch to draw the arc. After a pre-deter-
mined interval, in which a suitable amount of
molten steel accumulates on the surface of the work
and on the end of the stud, a separate unit connected
to the gun switches the current off and releases a
spring in the gun to press the stud into the molten
steel.

For a }-inch stud, the welding time is of the
order of } second and the welding current 500-
1000 A. Frequently, and invariably in the case of
vertical and overhead welding, ‘a porcelain ring
(“ferrule”) is fitted round the base of the stud
to minimise loss or spattering of the molten metal.
When the stud is welded, this ring is broken off.

Although quite practicable, this method of stud

'weldi.ng has certain serious disadvantages, largely

owing to the fact that the stud, also employed as
the welding electrode, is bare; D.C. has therefore
to be used, and, since the currents are very heavy,
an expensive rectifier is required.

Bare electrodés cannot be welded with alternating
current of normal voltages (approx. 80 V), since the
arc would then be unstable and liable to extinguish
prematurely. Moreover, without speclal precautions,
electrodes not enclosed in a slag-formmg coating
produce welds of inferior quality. The precautions
referred to consist in employing studs made of a
special type of steel, and, in some cases, applying
deoxidizing agents to the ends of them. It follows
that, at least for many purposes, it is necessary
to employ studs specially made to suit the particu-
lar welding conditions. Also, the equipment re-
quired to move the stud in the above-mentioned
manner and control the current is rather complex.

It will be evident, then, that the search. for a
simpler stud welding process is well worth while.
The principles and application of a nmew method

“evolved as a result of this investigation will now be

explained. Some measurements carried out to

analyze the new process, and a number of tests on

welds produced by it, will then be described. To

conclude this article, one or two important prac- -
tical details will be mentioned.

Principles of the new method

In 1945, the Philips Laboratories at Eindhoven
developed what is known as the contact arc-welding
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process 1). It involves the use of welding electrodes
whose coating is very thick, and is rendered semi-
conductive by including in it an appreciable part
of the weld metal as a powder. Such welding elec-
trodes ignite and re-ignite very readily; moreover,

they are suitable for touch-welding. The new method

of stud welding is based on the same principles as
contact welding 2). = | .

Let us now consider what happens when a partly
used contact welding electrode, that is, one whose
tip contains a deep “cup” formed during welding
(fig. 2), is applied to a workpiece and. the voltage is
switched on. The current then flowing through the
cup to the workpiece builds up very rapidly,
owing to breakdown effects between the individual

grains of iron powder in the material forming the

Fig. 2. A deep “cup”, formed at the tip of a contact welding
electrode during the deposition of metal, prevents the elec-
trode from “freezing’ to the work. : ’

cup: the grains fuse together and so produce a rapid
drop in resistance. In a very short time, then, the
temperature at the point of contact rises enough
to strike an arc. Once formed, the cup remains
intact throughout the time the electrode is fused,
keeping the core wire a certain distance from the
work and thus preventing the two from “freezing”
together.

Now, if the entire coating of a contact welding

electrode, othér than a small portion at the tip,

‘be stripped off, and if this electrode is then pressed
against the workpiece at right angles (fig. 3), the
arc produced when the current is switched on will
-be quite normal at first; however when the remaining

portion of the coating is almost consumed, the

‘core wire suddenly breaks through the cup and
freezes to the weld metal. This is precisely what is

1) P. C. van der Willigen, Philips tech. Rev. 8, 161-166, and
304-308, 1946; Sheet Metal Ind. 26, 155, 1949; Schweissen
und Schneiden 2, 270, 1950. : B

2) The idea of basing a simple stud welding process on the
principles of contact are-welding came from Dr. H. Bienfait
of the Philips Laboratories at Eindhoven. ’

’
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required in stud velding. The fusion time of
the electrode is governed by the dimensions and
composition of the coating, as well as by the welding

current.

.g. 83402

Fig. 3. The different stages in stud welding with a partially
stripped contact welding electrode having a “cupped” tip.

* M portion of coating left on the rod, K core wire, L molten

pool of metal, S slag. . - . .

a) Immediately after the striking of the arc. .

b) Just before the electrode drops through the cup. The coatin
and the core wire have partly melted. A pool of molten
metal and a certain amount of slag have been formed.

¢) - After the eclectrode has dropped through the cup. The

- weld metal is covered with slag and the remnant of the
cup around the weld helps to shape it.

The basic idea of the new method. of stud welding
is to make the “coating” separately in short sec-
tions, cup-shaped and similar in composition to the
coating of the contact electrodes. Fitted to the end
of a stud, such a section (“welding cartridge”)
would enable it to be welded in the same way as
the stripped contact electrode described above.
These ideas, after many experiments, have led to
the simple method now to be described.

The new method of stud welding

The shape of the welding cartridge

" A.diagram showing the welding cartridge, attach-
ed to a stud 4, as placed on the work to which the
stud is to be welded, is seen in fig. 4. The cartridge

is in two parts, viz. an igniter element, B, made of

83403

Fig. 4. The welding cartridge, comprising a semi-conductive
igniter element B and a cardboard collar C to hold it on the
stud to be' welded 4. During welding, the ridge of the igniter
element supporting the stud melts, thus enabling the stud to be
pressed into the pool of molten metal. B




40 PHILIPS TECHNICAL REVIEW

semi-conductive material, and a cardboard collar
C, fitted round the igniter. The igniter has a cup-
shaped cavity similar to that acquired by a contact
welding electrode, and an inside ridge to support the
stud to be welded. One or two studs (}-inch),
together with the associated welding cartridges,
will be seen in fig. 5. The welding process is very

Fig. 5. Threaded studs ('/,-inch) and the corresponding
welding cartridges. Two studs with cartridges fitted are shown
on the right of the picture.

much the same as that of the stripped contact
electrade already described. The heat generated
by the arc melts the igniter from the inside; when
the supporting ridge has melted away, the stud
(which is under a certain pressure) shoots into the
molten weld metal, the arc is shorted and the stud
“freezes” to the work. Whilst the inside of the
igniter is melting, its outside remains intact, thus
keeping the arc length more or less constant until
the stud breaks through the cup.

The cardboard collar serves two purposes. Firstly,
it prevents the rather brittle semi-conductive mate-
rial of the igniter from disintegrating too soon during
the welding process and thus shortening the welding
time unduly. Secondly, it holds the welding cartrid-
ge on the stud. To enable it to do so, the top edge
is curled inwards to fit fairly tightly round the
stud. The cardboard is stiff enough to prevent the
cartridge from slipping off during handling of the stud.

The use of a cardboard collar is possible by
virtue of the fact that the heat generated during
the burning of the arc (about 0.5 sec.) does not
reach the outside of the igniter until the stud is
welded. The cardboard, having served its purpose,
then catches fire.

The composition of the welding cartridge

The first experiments were carried out with
welding cartridges similar in composition to the
coating of a contact electrode. However, it was
found that very much stricter requirements as
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regards freedom from gas and non-sensitivity to
moisture must be imposed on the igniter than on
the coating of welding electrodes, owing to the fact
that no after-heating occurs as is necessarily the
case in normal arc welding; the weld metal therefore
sets very quickly. Consequently, the probability
that any gas occluded in the metal will be able to
escape is very much smaller than in ordinary arc
welding ). The requirement that the igniters be
free from gas necessitates heating them during
manufacture to a temperature higher than normal
for welding electrodes (baking). This must be done
in a mneutral or reducing atmosphere, to avoid
oxidation of the metal powders in the material.

Experiments with different coating-constituents
have shown that a low melting point should be
avoided. This is not surprising, in view of the fact
that the stud is released as soon as the supporting
ridge in the igniter melts. If the igniter has a
very much lower melting point than the stud, the
latter will be released before the end of it is fully
molten, and therefore pressed into the welding-
pool prematurely.

However, it was found that an igniter composed
partly of titanium dioxide (TiO,) and partly of
binding agents, deoxidising metals, and so on,
meets all the requirements imposed by this method
of welding. The desired conductivity is not obtained
by including a certain amount of iron powder, as
in contact electrodes. Instead, since the igniter
must be baked in a neutral or reducing atmosphere,
we take advantage of a well-known characteristic
of Ti0,, that is, that in a reducing atmosphere it
loses part of its oxygen content and in the process
becomes somewhat conductive (semi-conductive).
Since the conductivity thus imparted to TiO,
depends upon the degree of reduction attained
under the particular baking conditions, it can be
regulated accurately within certain limits. The
actual conductivity of the igniter is very critical;
if it is too low, the arc will not strike, and if it is
too high, too much of the welding current passes
through the igniter, causing it to melt prematurely.

The welding gun

In principle, welding with the cartridges described
here can be carried out by clamping the stud in a
holder (very similar to the type employed in ordina-
ry welding) and pressing it against the work, the
welding current then being supplied through the
holder. In practice, however, this method has
serious objections:

3) See J. D. Fast, Causes of porosity in welds, Philips tech.
Rev. 11, 101-110, 1949/50.
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1) Itisimpossible to place the studs really squarely
on the work by hand.

2) When a number of studs of equal length are to
be welded, it is very difficult to get them all
at exactly the same height, since some of the
studs are [)1‘(‘&\'(*([ (lvv]wr into the molten pm)l
than others.

3) In the welding of studs the current cannot be

switched on and off simply by moving the holder

onto or off the work as in normal hand welding.

To avoid these difficulties, it was necessary to
design a special holder, or welding gun. The prin-
ciple of this device is shown in fig. 6 and its opera-
tion explained in the caption.

The

studs to be welded are inserted in the welding gun,

The stud welding procedure is as follows.

which is then adjusted to suit the particular stud
length. When a number of studs of the same length
(tolerance, say, 0.2 mm) are to be welded, only
this first adjustment is, of course, necessary. Next,
a welding cartridge is fitted on the stud, the gun

roughly 0.5 sec.) 1s extinguished and the weld

[ h J ]

a b c 83404

Fig. 6. Diagram to demonstrate the operation of the welding

gurn.

a) The stud A is clamped in a stud holder C by a flat spring
L and rests against a stop D), adjustable to different stud-
lengths (coarse adjustment). A threaded ring E (fine adjust-
ment) enables the bottom face of the stud to be adjusted
to a level about 0.5 mm beyond the plane passing through
the ends of the supports F. This can be done with the aid
of a simple jig, e.g. a flat plate about 0.5 mm thick with
a hole, somewhat larger in diameter than the stud, at the
centre: this plate is so positioned against the supports
that the end of the stud just enters the hole. A spring G
presses the stud on to the workpiece.

b) A welding cartridge B is fitted on the stud. As the gun
is pressed against the workpiece, collar H is pushed up-
wards, thus compressing spring G. The current is then
switched on and an arc is struck. When the part of the
igniter supporting the stud melts, the stud is pressed on
to the workpiece by spring G.

¢) When once the stud is welded, collar H rests on stop K;
this ensures that each stud is pressed equally far into the
polten pool of metal. The amount of “excess’”” weld metal
at ./ depends upon the distance to which the stud originally
protudes (0.5 mm).
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is applied to the appropriate spot on the work-
piece and pressed firmly against it. The current is
then switched on by means of a switch built into
the pistol grip. When the arc (operating period

Fig. 7. Welding a ?/¢-inch stud to a vertical wall by the new
method with a welding cartridge.

completed, the switch is released, cutting off the
short-circuit current. The welding gun is then
retracted from the work and the fragments of the
welding cartridge are removed from the stud. The
interval between switching on and switching off

is roughly 2 sec. Fig. 7 shows the welding gun,

o

7 e
w
Fig. 8. Circuit of the electrical equipment employed in the
new stud welding process with welding cartridges. This process
enables alternating current to be used, which means that
ordinary welding transformers (open-circuit voltage roughly
75 V) can be employed. A micro-switch built into the grip of
the welding gun P operates the coil of a relay Re. Since the
energising voltage of this relay is only 24 V (transformer T),
the micro-switch can be touched without risk, even when de-
fective. The relay operates a magnetic switch MS controlling
the welding transformer T,. Wis the workpiece to which the

stud is to be welded.
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with stud and cartridge fitted, being used to weld
a stud to a vertical plate. Fig. 8 is the circuit dia-
gram.

Comparison of the new technique with the conven-
tional method

Comparing the new method of stud welding with
the one usually employed hitherto, we see that the
disadvantages associated with the latter are now
eliminated. Firstly, the new method incorporates
all the advantages of coated, as compared with
bare welding electrodes. Amongst other things,
the coating serves a metallurgical purpose (that is,
not only in producing slag to react with the molten
metal and the impurities in it, but also in introdu-
cing alloying constituents into the weld), thus ena-
bling studs of ordinary commercial steel to be em-
ployed; hence it is no longer necessary to employ
studs made of special steels. Another important
task of the coating is to reduce the amount of ni-
trogen absorbed from the atmosphere. Filing tests
on welded joints have shown that hardness owing to
the formation of nitrides in the weld is very much
less noticeable in the new, than in the old process.
Moreover, the coating also contains substances
which emit electrons readily when heated, thus
stabilizing the arc. This arc stabilization enables
low-frequency (say, mains-frequency) alternating
current, and a relatively low voltage, to be employ-
ed. The advantages of A.C. welding (inexpensive
welding equipment, less arc “blow”) need not be
pursued further here.

Secondly the welding cartridge itself strikes the
arc and keeps the length of it constant throughout
the welding period. Also it automatically leaves a
clear path between stud and work at the end of the
preseribed arc period. Accordingly, no special means
have to be built into the welding gun and the associ-
ated equipment to achieve this behavior. The equip-
ment is therefore relatively simple and inexpensive.
It will be seen from fig. 8 that apart from a simple
mechanism to grip the stud and press it home, the
welding gun itself contains only one switch. The
associated equipment, apart from the welding
transformer T,, includes only a relay Re with a
transformer T, (both housed in the same box)
and a magnetic switch MS.

Measurements on the process

To study the welding process stage by stage, the
voltage, the current and the distance between stud
and work were plotted as functions of time with the
aid of a recording instrument. Fig..9 shows a dia-
gram recorded by this instrument during the wel-
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ding of a }-inch stud to a plate. Note the three
distinct stages, which are revealed most clearly
by the voltage diagram.

Fig. 9. Diagram recorded during the welding of a $-inch stud.
Starting at the top we have, plotted against time: the voltage,
the current, the displacement of the stud, and a constant 50
¢/s A.C. voltage which serves as a time scale.

During stage one, the voltage is almost equal to
the open-circuit voltage of the welding transformer
(about 80 V). The current (ignition current in the
conductive igniter) builds up gradually. Stage two
begins with the striking of the arc and continues
while the arc burns. The voltage drops to the arc
voltage (about 40 V) and the current increases to
roughly 700 A. The inside of the igniter body
begins to soften about 0.4 sec. (20 cycles) after the
striking of the arc; the softening is manifested by
a gradual sinking of the stud (see third curve in
diagram). When the whole of the stud-supporting
ridge inside the igniter has melted, the stud is
suddenly thrust into the molten pool of metal;
this is indicated by the steep slope of the displace-

ment curve in the diagram.

Fig. 10. As fig. 9, but recorded during the welding of a }-inch
stud with a coarse thread on the end to be welded. The stud
then drops intermittently, thus producing an inferior weld.
Premature melting of the screw thread is a possible cause.
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The stud and the plate are thus joined, and the
current then increases slightly to the short-circuit
value. It can then be switched off, and the gun
can be withdrawn. However, it is advisable to wait
some tenths of a second after the arc is extinguished
before withdrawing the gun, so that the metal has
time to solidify.

Diagrams such as that in fig. 9 are very useful
for studying the welding process, in that they depict
the effects of various variables. For example, fig. 10
shows the trace obtained during the welding of a
4-inch stud, provided with a rather coarse thread
at the end to be welded, under conditions otherwise
similar to those of fig. 9. The most interesting
feature of fig. 10 is the displacement curve, showing
that here the stud drops intermittently instead of
smoothly. It is possible that the thread resting on
the supporting ridge inside the igniter begins to
melt before the ridge itself has melted. Consequently
the stud is enabled to drop slightly, causing a
short-circuit as indicated by the voltage diagram.
After about 0.02 sec. the arc is re-established, only
to be extinguished again after a further interval of

0

Fig. 11. The equipment employed to record variations in the
voltage and the current, and in the distance between the stud
and the work, as a function of time during the welding process.
The ordinary welding gun was not employed during these
measurements. The arrows indicate the position of the welding
cartridge.
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roughly 0.1 sec; it is again restored, and the stud
then drops still lower, producing another short-
circuit, and remains where it then is. The total
displacement is less than in the preceding diagram,
and investigation has shown that, in consequence,
the stud is not properly welded to the plate. In
practice, the operator can hear from the irregular
sound of the arc that the welding is not proceeding
satisfactorily.

The requirements imposed on the finish of the
stud to ensure a good weld are not stringent. The
end face should be round, smooth and free from burr
and should be at right angles to the stud. Fig. 11
shows the equipment employed to record the

above diagrams.

Properties of the weld

Since the greater part of the weld metal comes
from the stud and the plate, the properties and
composition of the weld are governed partly by the
composition of these components. However, deoxi-
dizing agents incorporated in the igniter ensure that
the weld metal solidifies as “killed” steel *) (fig. 12).

Fig. 12. Cross-section of a }-inch stud welded to a plate by
the cartridge method of stud welding. The slag enclosures
revealed by etching show that the stud and the plate are both
made of rimmed steel %).

The process described here is intended primarily
for the welding of studs to unalloyed steel (C-con-
tent roughly 0.29;). Depending on the particular
requirements to be met by the weld, it is advisable
with hardening types of steel to pre-heat the parts
to be welded, in order to reduce the cooling rate,
and hence limit the hardening.

1) “Killed™ steel is steel which generates very little gas when
it sets after casting. The gas generated during the setting
of rimmed steel causes segregations and porosity.




Fig. 13. Simple tests to determine the mechanical strength
of the joint between stud and work. Right: a stud bent through
90° by hammering. Left: a stud sheared off by turning a nut
against almetal sleeve (not shown in the photograph) fitted
round the stud. The part of the stud broken off, with the nut
still on it, is seen on the extreme left of the picture.

The simplest method of testing the strength of
the weld is to bend the stud, say, by hitting it with
a hammer. Experience has shown that a stud of
mild steel can be bent in this way to an angle of
90° without cracking (fig. 13). With studs or plates
of more brittle materials the plastic deformation

possible is less.

83261
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and a plate of mild steel, the weld itself will invaria-
bly remain intact and the stud will break where it
is threaded, that is, unless the thread itself is sheared
off (fig. 13).

Studs without thread can also be subjected to
tensile tests by welding two of them end to end to
opposite sides of a plate and testing this assembly
on a tensile machine. As in the other test, the weld
itself normally remains intact and fracture occurs
in another part of the assembly (fig. 14a).

In a similar way, fatigue tests can be carried out.
A series of test pieces, pre-stressed under a tension
of 0.25 kg/mm? (0.16 tons/in?), were subjected to
alternating stresses of amplitude varying, as be-
tween the different tests, from 10 to 20 kg/mm?
64-13 tons/in?); for practical reasons, the studs
used were threaded. These test pieces also fractured
in the thread, that is, clear of the weld (fig. 14b).
The fatigue limit of mild steel studs was found to
lie in the region of 15 kg/mm? (10 tons/in?).

Some practical details

Welding cartridges are now made to fit four stud
diameters viz. 1/,”,3/,",?/;s"" and 1/,””. The tolerance
" studs is 40.3 mm and that on the others

0.2 mm; if the stud is too thin it will drop through

on the 1/,

83262
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Fig. 14. a) Result of a tensile test on two studs welded end to end to oposite sides of a

plate.
b) Result of a fatigue test.

Another simple test is to shear off a partly thread-
ed stud by fitting a short metal sleeve round the
welded stud, screwing a nut on the stud and tighte-
ning it against the sleeve. If the nut is turned far
enough, the stud ultimately breaks. With a stud

the cartridge too soon, thus shortening the welding
time unduly, and if it is too thick the welding time
will be too long.

With an ordinary welding transformer, the cur-
rent settings required for the four stud-diameters
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specified above are 750, 500, 450 and 325 A, respec-
tively. These values apply to welding on relatively
thick plates. For thin plates (thinner than about
half the stud diameter), the.above values should
be reduced. ' ' '

The open-circuit voltage of the welding trans-
former should be at least 70 V. As we have already
remarked in connection with hardening effects,
the requirements imposed on the steel to be welded
and the material of the stud are not very stringent.
Excessive slag enclosures should be avoided, since
they may make the weld unduly porous. However,
the sulphur content, for example, need not be
particularly small, and, provided that the weld is
not required to be above average toughness, sulphur
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alloyed free-cutting steel can also be welded by
this technique. v : :

Summary. A new technique for welding studs perpendicularly
to a workpiece is described. It involves fitting a welding car-
tridge on the end of the stud to be welded. This cartridge is
made of semi-conductive material; its special functions are:
to strike the arc, fix the distance between stud and workpiece
and regulate the welding time. The cartridge also fulfils the
metallurgical and other functions of the coating of an ordinary
welding electrode. By virtue of the metallurgical effect of the
cartridge on the weld, it is possible to employ studs of ordinary
commercial grade steel. The stabilizing effect of the cartridge
on the arc enables alternating current to be employed. The
welding gun to position the .studs correctly on the work
incorporates only simple devices to hold the stud and press it
against the work, and a switch to turn the current on and
off. A relay and transformer, together with a magnetic switch
to control the welding transformer, are all the auxiliary -
equipment required.

AN X-RAY TUBE FOR MICRORADIOGRAPHY

* For some decades various investigators have been
working on the problem of making X-ray photo-
‘graphs of very thin objects; such as insects, sections
of animal and plant tissue, metal foils, paper, etc.
In view of the small X-ray absorption in such thin
objects, very soft X-rays must be used in order to
get sufficient contrast; the X-rays must therefore

621.386.1:778.33:539.23

Following up earlier work 3)%), it has proved
-possible to make a vacuum-tight beryllium window
only 50 y thick. This is sufficiently transparent to
X-rays in the range between 1.5—5 kV (2—15 A).
This window has been used in a small 5 kV sealed-
off X-ray tube, a cross-section of which is shown
in fig. 1 and a photograph in fig. 2. The tube is
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Fig. 1. Cross-section of the 5 kV X-ray tube used in the CMR 5 apparatus. 1 cathode with '
tungsten filament; 2 anode with tungsten target; 3 beryllium window, 50 w thick,

Length of tube approximately 8 cm.

be generated by a rather low voltage X-ray tube
(3—10 kV). However, the softness of the X-rays
means that very thin tube windows are then neces-
sary e.g._ thin aluminium foil. Owing to the difficulty

of making such windows vacuum-tight, it has hither-

to been necessary to work with a continuously-
evacuated tube 1)?). '

1) P. Lamargue, L’historadiographie, Presse Méd. 478 (1936)
%) A, Engstrom, Quantitative micro- and histo-chemical

elementary analyses by Roentgen absorption spectrography.
. Acta Radiol. Suppl. 63 (1946). -

incorporated in a small portable apparatus, the
CMR 5,  which includes the H.T. generator, con-
trols and the camera. '
The sample (mounted on a formvar film across
a ring) is placed in contact with the photographic
emulsion in the camera: whence the term Contact
Microradiography (CMR), which has been coined
3) B. Combée en P. J. M. Botden, Special X-ray tubes, Phi-
lips tech. Rev. 13, 71-80, 1951/52.
4) P.J.M. Botden, B. Combée en J. Houtman, An experimen-

tal X-ray apparatus with a midget X-ray tube, Philips
tech. Rev. 14, 165-174, 1952/53.
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Fig. 2. Photograph of the 5 kV X-ray tube.

for this technique. The full-size radiograph thus
obtained is afterwards enlarged optically some

hundred times in a light microscope.

g o

Fig. 3. Bone tissue. To make such a photograph it is unneces-
sary to de-calcify the bone as in light microscopy: hence it is
possible to.obtain information on the distribution of mineral
salts in the bone (5 kV, 3 mA. Exposure 25 min.)

VOL. 17, No. 2

The resolution achieved with this apparatus is
between 0.5 and 1 w. It is true that this is not quite
so good as that obtained with optical microscopes,
but because of the much better transparency of
materials to X-rays, it is possible to examine many
objects which are outside the scope of optical

methods.

Fig. 4. Paper. The internal texture of the paper is rendered
visible by the penetrating power of the X-rays (5 kV, 3 mA.
Exposure 10 min.)

The present apparatus, whose price is comparable
to that of a good optical microscope, thus brings
microradiography within the reach of many workers
for whom the construction of an elaborate conti-
nuousl)’-evacual'ml tube was out of the question.
X-ray microradiography undoubtedly has a very
useful role to play in the region between optical
and electron microscopy.

In a later article in this Review these questions
will be discussed in some detail.

Meanwhile, the micrographs shown here (figs 3
and 4) illustrate a few of the possible applications
of the technique.

B. COMBEE
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THE EM 75 kV, AN ELECTRON MICROSCOPE
OF SIMPLIFIED CONSTRUCTION

by A. C.van DORSTEN and J. B. Le POOLE *).

The electron microscope in its present form is still a complicated and costly instrument.
This restricts the number of potential users. Attempts have therefore been made by some design-
ers to simplify the instrument, while retaining as far as possible its valuable features. In
this connection, the aims of simpler construction and simplified operation run parallel to
the aim of reduced costs.

The magnetic electron microscope described here is basically simpler than most instruments
of this type, particularly with regard to the electrical equipment. It does not contain a single
amplifying tube. It has, however, apart from other valuable properties, a high resolving power
(at least 100 A).

Introduction

In addition to the EM 100 kV, a magnetic electron
microscope with a very high resolving power,
Philips have for some time been making a smaller possible.
and simpler electron microscope, the EM 75 kV.
In developing this instrument it was postulated
that a slightly lower resolving power would be
acceptable, viz. about 100 A. It was found possible
to make the instrument so much cheaper and so
much simpler to use that electron-microscopic
research may now be expected to be brought within
the reach of a much wider circle of scientific research
workers than hitherto.

The basic principle of the new apparatus is the
use of an objective lens with an extremely short
focal length. In this article it will be shown that
in this way an electron microscope can be built
which, for a given resolving power, sets relatively
low requirements as to the maintenance of constant
current and voltage, in other words, the aberra-
tions of the image which result from electrical
fluctuations are relatively small. By analogy with
the optical microscope we may call such aberra-
tions “chromatic” (they arise because the adjust-
ment of the microscope is not correct with respect
to the velocity of the electrons, i.e. the wavelength
of the electron beam).

It is perhaps of interest to mention in this con-
nection that small chromatic aberration resulting
from a short focal length is not a property of elec-
tron lenses alone but is equally applicable to the
case of optical magnification by means of a glass
lens. It is particularly true when one is considering
a single uncorrected lens. This was the secret of the

621.385.833

single glass lens to a minimum by making lenses of
minute dimensions, with focal lengths as short as

microscopes made by Antoni van Leeuwenhoek
in the 17th Century: he reduced the faults of the

*) Applied Physics Service, Netherlands Organization for
Industrial Research, and Technische Hogeschool, Delft.

Fig. 1. The small electron microscope EM 75 kV (for 75 kilo-
volts, type 11981). The electron beam traverses the vertically
mounted microscope tube from top to bottom. The desk
houses the pump installation and the entire electrical
equipment,
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The principles and several practical forms of the
magnetic electron microscope have previously
been described in this Review)?)?). In this article we
shall mainly focus attention on those points in which
the new instrument differs from others of this sort.
The instrument is shown in fig. I. It is a two-stage
microscope, containing three lenses: condenser,
objective and projector. We shall now consider in
more detail the objective lens, which contains the
clue to the new instrument, and the projector.

Focal length and chromatic aberration

A magnetic electron lens consists of a magnetic
field, rotationally symmetrical about the axis
of the incident electron beam (z-direction, fig. 2)
and active over a section, generally short, of the
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Fig. 2. Magnetic. electron lens. L coil, Fe iron jacket, 4,, 4,
pole pieces. The clectrons move close to the z-axis, which is
the axis of rotational symmetry of the magnetic field of the lens.

electron path. The field is generated by a current-
" carrying coil of so many ampere-turns (in some
types the field is obtained by means of a perma-
nent magnet which is equivalent to a number of
ampere-turns). The coil is surrounded by a housing
of ferro-magnetic material and in the centre are
pole pieces of similar material. In this way the
field is concentrated in the small gap between the
pole pieces, the. electron beam passes through a
small circular hole drilled through the centre.
The focal length f of such.a lens for electrons
which have been subjected to an accelerating vol-
tage V, is given approximately by the proportion
relationship (see e:g. the article quoted in 1)):

1) J. B.Le Poole, A new ele¢tron microscope with continuous-
ly variable magnification, Philips tech. Rev. 9, 33-45,
1947/48. o

2) A. C. van Dorsten, W. J. Oosterkamp and J. B. Le Poole,
An experimental electron microscope for 400 kilovolts,
Philips tech. Rev. 9, 193-201, 1947/48. .

8) A. C. van Dorsten, H. Nieuwdorp and A. Verhoeff, The

" Philips 100 kV electron microscope, Philips tech. Rev. 12,
33-51, 1950/51. :
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B is the induction on the z-axis, along which the
integration is carried out. The formula for f actually
consists of a series of terms of alternating sign and
increasing powers of B2 in the case of a “thin”
lens of moderate power the first term is sufficient.

Small fluctuations AV of the voltage V result in
changes Af in the focal length. From (1) it follows -

" that:

Af=f%. . (@)

A similar equation applies to the fluctuations Al

_ of the energising current I, which cause fluctuations

in the magnetic induction B at all points of the
field. If we now consider in particular the objective
lens, we can say that the object plane, i.e. the plane
which is-sharply focused on the fixed fluorescent
screen, is not fixed in space but moves to and fro
along the axis (while the principal plane of the
lens remains more or less in the same place). The
object placed in the microscope (specimen) will
thus in general be situated at a distance dv in
front of or behind the object plane( fig. 3). In this
way the “chromatic” blur appears either in visual
observation or on the photographic record.

If the magnification is sufficiently large, the
object plane nearly coincides with the focal plane;
thus

dv~Af. .. 0. . (8)
What was stated above is now qualitatively con-
firmed. In any case, the chromatic lack of defini-
tion will become greater according as the object
plane is displaced. Now, from equations (3) and
(2), Av is proportional to f. Therefore, by giving

‘the objective a very short focal length, one can

permit relatively large fluctuations of voltage and
current for a given.chromatic error. '

»
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Fig. 3. If the acceleration voltage of the electrons or the exci-
tation current of the objective L vary, the image on the
fluorescent screen FI is not that of the object plane P, but is
the image of a plane P’ displaced by 4v from the object

. (v is the distance between object and objective lens).

‘
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In order to get a more accurate picture of. this
relatlonshlp, the chromatic blurring can be analysed
into two components: @ geometrical error, 0g, and
a diffraction error, dp. It can be shown that the
former is given by:

0g = 2aydv, R, 4)
and the latter by: ‘

where A is the wavelength of the electron beam and
2ay the angular aperature of the electron pencil
on the object side. This aperture has a different
value for each point of the object, depending on
the local thickness and density of the specimen.
In fact, this is just what makes the image in the
electron microscope visible, i.e. gives contrast to
the image: the scattered pencils of electrons originat-
ing from the various parts of the object have var-
ious angular apertures, so that the objective aper-
ture intercepts a different fraction of each, result-
ing in differences in intensity when they are
united in the image plane. For composite (not
~ uniformly thin) objects, such as are usually studied
with the electron microscope, “illuminated” by
a practically parallel beam of electrons, we can

assume a maximum value of gy = 3 X 1072 radians.

The origin of geometrical blur is illustrated in fig. 4. The
image of the object, due to the change of focal length, does not
lie in the plane of the screen, but at a distance Ab from it
(b is the image distance, v the object distance). A point in the
object is therefore represented on the screen by a small circle
of diameter 2ria2¢iAb, 2¢; is the (very small) angular aperture
of the electron pencil on the image side. If the magnification
be M (= bfv), a detail in the object of dimensions 2ri/M
cannot be distinguished in the image from the blur circle.
This is the blur g, related to the object (“resolving power™). -
By differentiating the geometrical optical lens formula

1 1 1
Ty =7

it follows that the relationship between b and Av is:
4b = M3dv.

Hence, using the law of Helmholtz-Lagraﬁge ai = aof/M, one
obtains c_quution 4: .

dg = A_lf 2ri = % 2aidb = 2aydv.
L FI
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Fig. 4. Illustrating the geometrical blur, dg. P specimen, L
electron lens, FI fluorescent sereen. (The projector lens can
here be neglected) .

ab='3vm. Ce .‘ . (5)-
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The origin of the chromatic diffraction blur can most 51mply '
be demonstrated for a non-transparent” object detail with
a sharp edge (fig. 5). Behind this detail the scattering is so
great that practically no electrons pass through the aperture;
beside the object detail the nearly parallel incident rays pass
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Fig. 5. Illustration of the diffraétion blur, §. A parallel elec-
tron beam falls on an opaque object P from the left. The
“shadow” which the object throws on the real object plane
at a distance Av, is sharply reproduced on the fluorescent screen
by the lens L. The shadow itself is not sharp as a result of
diffraction of the electron rays at the edge of the object.

uninterrupted. In the object plane (P’ in fig. 3) we have a
shadow of the object, and this shadow (which is reproduced
truly in the image plane) would be exactly similar to the object
at a very small distance Av, were it not that diffraction effects
occur at the edge of the object due to the wave nature of the
electron beam.' The first order diffiraction occurs at a distance
o from the edge. We can determine ry by applying Huygens’
principle which states, for this case: if an object stands in a
plane wave causing parts of the wavefront to be absent in
some plane beyond the object, then a maximum disturbance
will occur at those parts of that plane where rays passing
through a point on the edge of the object have a path differ-
ence of the order of A or greater thh respect to the undlsturbed
wave. Thus from fig. 5: .

Vre® + (Av)2 dv =12,
- ie. re? = 21Av -+ 22,

Sinice 2<€Av (otherwise the displacement Av itself could be
neglected), we obtain ry = V2A4v. The value 2r; gives approx-
imately the width of the Fresnel diffraction fringe associated
with the image of a point object, i.e.:

Oy = 2ry = 3]/1110.

Two particles can be resolved separately although their
respective diffrdaction rings partially overlap. The distance,
centre to centre hetween the smallest resolvable particles is,
according to Rayleigh’s criterion, about 4db. ‘

From (4) the geometrical blur §; is proportional
to Av, and therefore also proportional to the focal
length f (see equations 2 and 3); from (5) the dif-
fraction blur dp is proportional to V4w, i.e. propor-
tional to the root of the focal length. Considered
quantitatively with the value of the angular aper- -
ture (@) already given, and for. a wavelength A
corresponding to an acceleration voltage ¥V = 75 kV
and for an objective of focal length f = 0.8 mm (as
achieved in the EM 75kV), we find:

a) that the geometrical blur dg which must be taken
into account in practice, is larger than the diffrac-
tion disc dp;
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" b) that for a geometrical blur of 70 A, the relative
variation of the voltage, 4V/V may not exceed
1.5 X 1073, Of course the voltage is mot required
to remain permanently constant to this degree,
but only long enough after focusing to expose the

film. Taking into account other causes of lack of .

- sharpness which are mnot dependent on voltage
fluctuations (spherical aberration, astigmatism of
the lens, etc.), the above value of J; permits a
resolving power better than 100 A.

Since the focal length of a magnetic lens is depen-
dent on the quantity I?/V (see equation 1), the

requirement of a constant value of the lens current

I is twice as strict as for V; in the case under
consideration, therefore, the maximum permissible
value4) of AI/I is 0.75 X 107°,

This can be quite easily attained with a simple
magnetic stabilizer, consisting of a transformer
with saturated core. Electronic stabilization is not
necessary for this purpose.

In following this explanation the reader may
very well have wondered why we do mot use per-
manent-magnetic lenses to avoid fluctuations. The
construction’of such lenses with modern permanent
magnetic materials is quite feasible 5), and the
problem of keeping the magnetic induction in the
lenses constant is then solved. The problem of
keeping constant the acceleration voltage, which

" is technically more difficult and more expensive
to solve, remains, however, and is even made more
difficult, since it'is not possible to make objective
lenses with very short focal lengths when using
permanent magnets, and the influence of chroma-
tic aberration is therefore relatively large.

Design of an objective of very short focal length

It has been stated above that the objective of
the EM 75 kV has a focal length of 0.8 mm. Is it
not possible to make this still shorter in order to
make the sensitivity to fluctuations still smaller?
We shall show that the value given is just about
the limit of what can be achieved without undue
expense — and that, after all, is the whole point
of the thing. '

4) Fluctuationsof I as well as of ¥ are caused by variations of
the mains voltage. Sirice an increase in I has the opposite
effect on the focal length ot that of an increase in V, one
might suppose that fluctuations of Iand ¥ would compen-
sate each other partically to such an extent that it would

" be sufficient to limit relative fluctuations of the mains
voltage (to which I and ¥ are _proportional) to 1.5 107,
This reasoning, however is, incorrect since the power
supplies for the lens currents and the acceleration voltage
involve different time lags, so that correlated fluctuations
AI and AV do not occur simultaneously.

5) B. von Borrics, Kolloid Z. 114, 164-167. 1949.

J. H. Reisner and E. G. Dornfeld J. appl. Phys 21, 1131-
1139, 1950.
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The parameters which are important in this
connection are: the choice of the steel for the pole
pieces, the length S of the  gap between the pole
pieces (fig. 6), the diameter D of the cylindrical
hole in the pole pieces and the excitation of the
coil. :

S > HE T e e
L4 / —

\

Fig. 6. The configuration of a magnetic lens is characterised
by the diameter D of the bore through which the electrons
pass (z-dlrectlon), and the width S of the gap betwecn the
pole pieces. )

From equation (1) it may be deduced that a
short focal length will be obtained if the induction
B is made as great as possible over as long a section
as possible of the electron path. For a given lens,
B'is made greater at all points ‘if the excitation
is made stronger. The limit to this is set by the
magnetic saturation of the steel. The induction in
the pole pieces must remain so far below saturation

. that the permeability y is still large, e.g. 1000. At

greater induction, for example, so close to saturation
that the permeability falls below 50, the types of
steel suitable for this use show local magnetic
inhomogeneities. Since the induction immediately
outside the iron is 1/u times that in the iron, the
field acting on the electrons will also be inhomogen-
eous and lack the necessary rotational symmetry.

. Such defects of the field can not only make the

image astigmatic but-can also result in small
deviations of the electron pencil. This latter effect
means that the axis of the lens is not straight and
that therefore no adequate centring independent

_of the excitation can be obtained. The consequences

of inadequate centring will be discussed later.
The cobalt-iron alloy which we have uséd has
a very high saturation, so that we have been able

.to raise the excitation to give an induction in the

gap between the pole pieces of about 1.8 Wh/m?
(18000 gauss). At the critical points in the magnetic

‘circuit p is then still greater than 1000,

The problem is thus reduced. to the core: the choice
of the width of the gap S and the bore D. . .
" Consider now the variation of the magnet1c
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Fig. 7. Variation along the x-axis, see fig. 6, of the magnetic

induction B, for lenses with differing values of §/D (the change -

of field with respect to x/D depends only on this ratio). It has
been assumed that each lens is excited so that the maximum
induction occurring in the gap reaches a given value (at which
no troublesome saturation of the steel of the pole pieces
occurs).

field in two mutually i)erpendicular directions,

viz. along the axis of the lens (the z-axis) and per-
pendicular to it along an arbitrary radial axis in
the plane of symmetry of the lens (x-axis, see fig. 6).
The variation of the field is dependent only on the
proportion S/D and can be found either by calcula-
tion or by measurement ®). In fig. 7 the variation
along the x-axis has been drawn and in fig. 8 that
along the z-axis, both for a series of values of S/D.
"' It can be seen that the field in the centre of the
lens exhibits a saddle point: for the a-direction,
the induction at this point is a minimum, for the

z-direction, maximum. Consider that the excita- -

tion is raised to the level which gives the maximum
induction in the gap, a magnitude of 1.8 Wb/m?
(fig. 7). From fig. 8 it appears that for a given width
of gap S the bore D must be made small, or for a
given D the width S must be large in order to achieve
a strong magnetic field along as great a section of
the electron path (z-axis) as possible. A more com-
plete picture is given by fig. 9. Here, for each com-
bination of values of S and D, the focal length
corresponding to the maximum permissible excita-
tion is plotted (see above). The figure makes it
clear that for very different values of D, the same

small focall ength can be realised if S is only made

large enough. Now the number of ampere turns
needed to produce the required induction of 1.8
Wb/m? js approximately proportional to the gap
width S (the gap presents by far the greatest

) For a method of measurement, see e.g. A. C. van Dorsten

and A. J. J. Franken, Philips tech. Rev. 15,52-55, 1953/54. '

3 2 [2] i 2 3
D 83416

Tig. 8. Variation of the magnetic induction B along the z-axis,
for various values of S/D. The induction at z = 0 is equal to
that at x = 0 in fig. 7; the field here is at a saddle point.

resistance in the magnetic circuit). To achieve an-
economical construction, one is therefore forced
to make the bore as small as possible.

A limit is set to this by the optical curvature of the '
field. The electron beam must have a cross-section
large enough to “illuminate” a section of the ob-
ject which is sufficient to fill the fluorescent screen
at the smallest magnification with which the micro
scope is to be used. To avoid an excessive cur-
vature of the field, the cylindrical hole in the

2,5mm)|

20

—>0n

1,0

0,5

0 N . . N A .
0 0,5 10 B 15, 20
. —»D

2,‘5mm
83417
Fig. 9. Focal length f, calculated for lenses of various bore D

and gap S swhen the lens is excited so as to give a maximum
induction in the gap of 1-8 Wh/m®. The acceleration voltage

- of the electrons is fixed at 75 kV. Points with equal f have been

joined in the diagram. (The curves turn upwards slightly at
the left-hand side and appear to bend backwards a little at
the right; it is not clear whether these effects are real or arise
from the approximations in the calculation, but they are of
little importance in the S-D range under consideration.
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pole pieces must be made wide with respect to
the necessary cross-section’ of ‘the beam. On the
basis of these considerations?’), the objective of
the EM 75 kV was given a bore of D = 0.5 mm.
The gap width S in this lens is 2 mm. These
values give the focal length of 0.8 mm’ already
‘mentioned. . ‘
" There is not much point in making S greater
than 2 mm; this may be seen from fig. 9; the
focal length decreases to a limiting value (and
even appears to increase again). ‘At S = 1.3 mm
the minimum value has already been nearly reached.
- The further ampere-turns needed to make S = 2
mm. are thus, in fact, not justified merely to
obtain the small additional decrease in f, but
rather to allow room between the pole pieces to
insert the specimen and objective aperture (see
‘below figs 12 and 15).
Let us consider for a moment the decrease in f to
a limiting value mentioned above. Fig. 8 does not
give any indication of such behaviour: for a fixed D
and increasing S/D, high inductions approaching
1.8 Wh/m? are obtained over increasingly long
sections of the axis, which according to equation
(1), should lead to still smaller values of f. But for
such “thick” (or rather, long) lenses as we are
now considering, we can no longer apply equation
(1) which had been simplified to a single term. To
understand the behaviour of f for increasingly long
lenses, we can best follow the path of an electron
which, for example, enters the magnetic field from
the left and parallel to the axis. In fig. 10 we see
the paths for three lenses. The electron crosses the
axis of the lens at some point. In the case of an
objective lens one should imagine the object placed
at (or, rather, very close to) the point of intersec-
tion mentioned above and a scattered electron
leaving the object and travelling to the left along
the path drawn. The effective focal length is found
by the dotted construction. It is seen in the figure
that for strong lenses theobject has to be placed
some distance within ‘the lens (“immersion lens”),
and it can be furtherseen that an extension of
the lens has thus very little effect on the focal
length of the objective 8). o .
In using such thick lenses we must also consider
whether our basic assumption is still valid: viz. that
the chromatic aberration of the objective is smaller

7) For a fluorescent screen 90X90 mm and the minimum

- magnification of 1200, the largest object diameter is a
good 100 p, i.e. about 209, of the bore. In our case, the
corners and centre of the object do not lie more than 1.5y
outside the curved object surface. This is about the same
dv as calculated from equation (4) for J; = 70A and
ag =3 X 1073 radians.
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according as the focal length is shorter. Variation
of the excitation current I or the acceleration volt-
age V, which can be combined into an “excitation
factor” : ‘ -
(Amp. turns)?
b—4——,

- : . V

have, for a given lens, an analogous effect to the

83418

(3]
.,,!
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o

Fig. 10. Path of an electron coming from the left and entering
the magnetic field of an electron lens parallel to the axis.
The change of induction Bis also shown. a) Relatively“thin”
lens (S/D small). b) Longer lens. ¢) Very long lens. *

The focal length, i.c. the distance between the focal point and
the principal plane is found, for the case of an objective, by
drawing the tangent to the electron path at the point where
it intersects the axis and finding its intersection with the pro-
duced incident path of the electron; this latter intersection
defines the position of the principal plane (drawn with & broken
line). (For use as a projector, on the other hand, the focal length
is found by substituting the linear path of the electron outside
the field for the tangent. By producing this linear path back-
wards one can find the focal point and the principdl plane
respectively from the intersections with the axis and with the

" produced incident path.)

The component of the path perpendicular to the plane of the
drawing (rotation of the image) has been neglected it is not
of importance for the consideration of the focal point.

8) If the object is situated very deep within the objective, the

clectron rays, before falling on the object (coming from the
right in fig. 10), must pass through a large sectiod of the
field of the.objective, which then behaves (undesirably)
as a condenser. This is a further reason for not making
S too large. In our case the “condenser action” is not dis-
turbing: the extremely small angle of the (nearly parallel)
illuminating electron beam is increased only about 159%,
and so remains small with respect to g, (see equation 4).
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variation of the length of the lens which has been
discussed above. For a particular lens with various

~ excitation values k, figures are obtained analogous

to fig. 10a and b (except that the shape of the
field pattern does not change). From this it is
plausible that at large values of k, changes in this
quantity have relatively less effect on f. This does

not mean that chromatic aberrations, which result’
from fluctuations in k, are correspondlngly smaller.

In fact, the variation of k mnow results also in a

~displacement of the principal plane of the lens:
though f may alter less, an extra lack of sharpness

occurs because the lens, as it were, is displaced
with respect to the fixed object?). The resulting
chromatic blur (only &z, which is the more impor-
tant) is plotted in fig. 11 as a function of k for a
number of objectives with differing values of S/D.

From fig. 11 it can be deduced that the conclu- .

sions drawn from fig. 9 do mot have to be revised:
for the chosen bore D, a wider gap S (provided the
same induction is obtained which means choosing

—_—
&~
{

0 ] 1 1 ] ] ]
0 100 . 200 - 300

83419 —k

Fig. 11. Chromatic blur for a number of lenses with different
8/D, as a function of the excitation factor k. Cehr is the pro-
portionality factor between g and 2a,, which must be substi-
tuted’in equation (4) for dv in more accurate calculations.

Cehr/D has been plotted to give generally applicable curves.

The acceleration voltage is here fixed at 80 kV. These curves
may only be used up to that value of k& which gives the maxi-
mum permissible induction in the gap between the pole pieces.

The full lines apply to the lens when used as an objective
(“immersion lens™), the broken lines to use as a projector.

- %) Furthermore, the accompanying change of magnification

also plays a part. For this see: J. B. Le Poole, Some designs
in electron and ion optics, Diss. Delft 1954, p. 41.
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k roughly proportional to S%) results in smaller
aberration, and there is little purpose to be served
by making $>2 mm. However, it is of great im-
portance, as shown in fig. 11, that the lens, once

constructed . with S/D = 4, be always excited to .

the permlssﬂ)le 11m1t i.e. where k& ~ 1170.

Design of the pro_]e(':tor lens

Returning for 'a moment to fig. 10: in a projector
lens, the electroms traverse the whole of the

. magnetic field. If we follow the path, in fig. 105

or ¢, of an electron coming from the left, we see
that the path, after crossing the axis of the lens,
is bent back towards the axis again. The electron
will thus leave the lens making a smaller angle
with the axis than at the point of intersection.
This means that the focal length of the lens as
projector is longer than as objective. This effect
becomes more marked as the lens is made longer
or, for a given lens, as the excitation k is increased.
Both measures, although they have little further
effect on an objective, beyond a certain point
will result, for a projector, in an increase in the
focal length 10). .

This is accompanied by a larger chromatic aber-
ration; sce the broken lines in fig. 11. It appears
from this diagram that the abberration is a minimum
for a particular excitation factor k,, which, sur- -
prisingly, has about the same magnitude, k,~160,
for projector lenses of all possible forms (various
S/D): Moreover, in passing through this “achro-
matic point” of the curve, the “cushion” dlstortlon
which exists with weak excitation of the projector
lens is transformed to “barrel” distortion. Thus, at
the achromatic point, not only is the influence of
fluctuations of the lens current and the acceleration
voltage smallest, but the (isotropic) distortion is-
zero. The projector of the EM 75kV has been de51g-

ned for use mear this point.

1

Construction of the electron lenses

In fig. 12 a simplified cross-section of the micro-

~ scope tube is shown. Of the component parts, which

are specified in the caption, we shall first discuss
the electron lenses. -

The condenser lens is a normal magnetlc lens .
with inserted pole pieces. A diaphragm 0.2 mm in
diameter fixes the highest attainable intensity of
the electron beam. Variation of the excitation

-

10) If the field is sufficiently long, (or the excitation strong
enough) the electron may cross the axis again, and even
a third time, etc.; between these cases the focal length
becomes mﬁnlte

<
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controls the focal length, and with it the angular
- aperture, of the beam falling on the specimen so
as to give the image on the fluorescent screen the
required degree of brightness. The lens, together
with the electron gun, is mounted in a tube which
can be moved bodily in a transverse direction (the
‘adjusting screws for this purpose have mnot been

* . drawn). In this way the electron gun and condensor
- lens combination can be accurately centred with
the objective lens. '

The strong excitation of the objective brings the
object plane — as in the EM 100 kV 3) — to a point
between the pole pieces. It was thus possible to
make the objective in two sections and to place
the specimen holder (which also includes the
objective aperture) between them. The two parts
of the lens are screwed together. The sections of
the core carry the pole pieces which face each
other and are made with great precision from the
cobalt-iron alloy already mentioned. The core in
the upper half of the lens, contains two auxiliary
coils which can be energised with alternating current
so as to give an oscillating angle of incidence to
the electron beam, facilitating the focusing of the
image on the screen; this “wobble focussing device”
was explained in the description of the EM 100 kV 8).
The lower half of the lens is noteworthy for its
core which, with the attached pole piece, can be
displaced sideways by screws (not shown in fig. 12).

2 \ % /# This enables the pole pieces to be centred extremely

accurately with respect to one another.

g
Y

[emmmni

The projector lens is characterised by the separa-
n tion of the pole pieces which is variable over a wide
T ST | range. The upper pole piece is mounted outside the
b vacuum and can be moved about 15 mm in a verti-
cal direction by turning a milled ring which encircles
the microscope tube. (fig. 13). In this way, for
constant excitation, the magnification of the lens
can be continuously varied from about 10 X to
about 90X . The' magnification of the microscope
ranges from about 11000x down to 1200X, so
linking up with magnification obtainable with’
optical microscopes. ‘

 The image remains sharply focused when the
magnification is changed, and it does not rotate.

A

Fig. 12. Cross-section (simplified) of the microscope tube of
the EM 75 kV. K cathode with filament W; S deflection coils
for centring the electron beam Lc condenser lens; Loy, Lo,;
objective lens composed of two parts with specimen stage T}
F auxiliary coils to assist in the focusing; Lp projector lens,
n non-magnetic spacer, b brass tube carrying pole-pieces;
.C camera with operating rod (turned through 90° for reasons
of clarity), ¢, shutter; FI fluorescent screen; G observing lens; |
V vacuum connection. The cap of the tube with the bushing
insulator I, which varries the cathode, can be moved laterally
by means of three screws (s, etc.) for centring of a changed
filament. o
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It is not practicable to vary the magnification of an electron
microscope by regulating the excitation of the projector or
the objective: this has been pointed out on an earlier occasion
in this Review (see '), p. 40). We may recall here merely that

this is a consequence of the desire for an image free of distor-

Fig. 13. The microscope tube of the EM 75 kV. By turning
the milled ring which encloses the tube, the upper pole piece
of the projector lens is displaced. The ring can make /4 of a
complete turn; this causes the pole piece to move 15 mm in a
vertical direction, which alters the magnification by a factor
9. The wall of the vacuum tube is here formed by a thin brass
tube (b in fig. 12). which makes a sliding fit in theb ore of the
pole pieces, which are thus outside the vacuum.

tion and completely filling the fluorescent screen, even at the
smallest magnification. In the case of the EM 75 kV, the
excitation of the projector must be kept fixed in order to
preserve the minimum sensitivity to fluctuations. The excita-
tion of the objective is rigourously fixed because of the fixed
position of the specimen (and thus the object plane). In larger
microscopes, such as the EM 100 kV, regulation of the magni-
fication is achieved by the use of intermediate lenses, the
excitation of which can be varied over a wide range. For our
simple microscope this method was not suitable, since the
chromatic blurring caused by fluctuations of k which has been
adequately reduced by the design of the objective and projec-
tor lenses, would be reintroduced in full via the intermediate
lens (at least, for photography). The solution described with
the adjustable pole pieces was therefore preferred; it is further-
more, less costly and serves its purpose admirably, due partly
to the device described below.

ELECTRON MICROSCOPE OF SIMPLIFIED CONSTRUCTION
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The sliding pole piece is made with an extra
magnetic gap (the sleeve n of non-magnetic material,
fig. 12). This forms a sort of additional lens, which,
in the highest position of the pole piece, when the
strength of the projector and the magnification
are at a minimum, reduces the strength of the whole
by a further factor of mearly 2. When the pole
piece is moved downwards and the lens is thus
made stronger, the gap is gradually magnetically
short-circuited by the soft iron guide in which the
pole piece moves. The weakening additional lens
is thus gradually cut out. This device makes it
possible to increase the ratio between maximum
and minimum projector magnification from about
1:5 for the
to about 1:9.

The variation of the gap (alteration of S at con-

normal construction with one gap,

stant D)) does not increase the aberrations appreci-
ably. Thus we reap the benefit of choosing the
achromatic point for the excitation of the projector,
see fig. 11.

Special attention must be paid in this micro-
scope to the centring of the electron lenses. Faulty
centring can mean that small fluctuations of the
lens currents or of the acceleration voltage cause
the image to be displaced laterally (without loss of
definition however). For direct observation this
is of little importance, but for photography it is
fatal. Especially because there is no electronic
stabilisation of current and voltage, the instrument
makes higher demands on the centring than many
more complicated instruments.

The methods of centring — lateral displacement
of lenses or pole pieces — have already been men-
tioned. It may be wondered whether the adjust-
ment is not a difficult and time-consuming business.
In fact, a simple and effective routine method has
been worked out. The detailed instructions of the
method are not within the scope of this article but
it may be said that the adjustment is made accor-
ding to various criteria which can be directly de-
duced from the electron-optical characteristics of
the system. The relative positions of the optical
axes of the two lenses is checked by means of the
rotation of the image which occurs with changes
of the excitation in magnetic lenses. The adjustment
of the pole pieces in the objective can be checked

further, by reversing the direction of the current

in this lens (objective and projector are not con-
nected in series in this microscope): when perfectly
centred, the point about which the image rotates
with changing excitation is the same for both
current The

current in the objective and projector lenses is

directions. normal direction of the
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chosen so that the rotation of the image is in opposite
directions in the two lenses. Small fluctuations of
the current and voltage then result in no apprecia-
ble rotation of the image, which could impair the
photographic record.

Fig. 14 reproduces a micrograph made with the
EM 75 kV, to give an impression of the image
quality normally obtainable.

Fig. 14. Animal cellulose (Tunicine). Magnification 20 000 <.
Micrograph made with the EM 75 kV. (L. H. Bretschneider,
Utrecht.)

Other components of the microscope body

Only a summary description of the other compo-
nent parts of the microscope body will be given.

The electron gun does not differ in principle from
that described for the EM 100 kV ). The filament
is a V-shaped tungsten wire which is raised to a
high potential (maximum 75 kV) with respect
to the metal wall of the microscope body. The
filament is enclosed by a cathode cap (fig. 12)
which is held at a small negative potential with
respect to the filament according to the principle
of automatic grid bias. This ensures that there is no
appreciable variation in the emission current and,
at the same time, bunches the emitted electrons.
The cathode is mounted as a separate unit in the
cap of the tube in such a way that the filament can
be easily renewed. The cap, mounted on the micros-
cope body with a rubber vacuum seal, can be dis-
placed laterally a few millimeters with respect to
the column by means of three radially placed screws.
Thus it is possible, after changing the filament, to
centre the electron gun accurately with respect
to the condenser. Centring is simplified by four
deflection coils, situated between the electron gun
and the condenser (fig. 12), which impart small
angular deflections to the electron beam.

s of a metal

The specimen stage (fig. 15) consi
block which can be moved in two directions per-
pendicular to the electron beam by means of two
adjusting screws, to make it possible to scan the
specimen. The specimen, as is customary, is placed
on a mesh grid or plate mounted on a rod (as in
the EM 100 kV). The specimen stage includes a
vacuum seal through which the rod is inserted.
A hinged movement of the stage displaces the
specimen slightly in an axial direction in the micros-
cope tube. This is necessary in order to keep the
specimen in its place under all conditions: the short
focal length of the objective reduces the tolerance
for the axial position of the object to a few hun-
dredths of a millimeter.

The objective diaphragm has been fitted into a
cut-out portion of the specimen stage and, like the
specimen, can be displaced in three directions.

The image on the fluorescent screen, of dimensions
90 % 90 mm, is observed in this microscope through
the side of the tube (in contrast to the EM 100 kV
where the screen is observed through the end of the
tube as in a television set); see fig. 13. The conical
end of the microscope tube is made of glass for this
purpose; lead glass has been chosen, which complete-
ly protects the observers (theimage can be observed
by several persons at the same time) from the
X-rays given off by the screen. For focusing, use
can be made of a reading lens of magnification
about 21/, x.

The image can be recorded on standard 35 mm



AUGUST 1955

roll film (as in the EM 100 kV). The internal camera
takes a strip of film sufficient for 40 exposures each
28 > 28 mm. The film is brought into the electron
beam by pulling out the camera rod with the right
hand. At the same time a window in the camera is
opened and a shutter, fixed in the microscope tube,
is closed. The film is then exposed by operating the
shutter with the left hand. With this construction,
the need for a shutter mechanism in the sliding
camera has been obviated. The shutter is of a type
used in some cameras and permits fairly accurately

timed short exposures of the order of 1 second.

Fig. 15. The specimen stage and specimen holder (left). The
cylindrical central section of the specimen stage contains a
vacuum lock through which the specimen holder is inserted
into the microscope tube.

After exposure, the rod is pushed in again, which
automatically operates the transport of the film
and the counting device. When the film strip is
fully exposed, the camera is removed from the
microscope and replaced by another loaded camera.
This method makes it possible, by placing the
loaded camera in a desiccater, to remove so much
water vapour before use that evacuation of the
microscope tube after changing cameras takes only

about 20 minutes.

The vacuum system

With our simplified electron microscope, the need
for a vacuum system will probably be felt to be the
most important complication over the light micros-
cope. Therefore, the greatest possible simplicity
has been aimed at in this equipment, too. The first
stage of the vacuum is obtained with a rotary oil
pump, the high vacuum by means of an oil diffusion
pump with glass wall. The element of the latter is
a thick spiral of chrome-nickel wire, which is im-
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mersed in the oil to be heated. This method of
heating is so efficient that a power of only about
60 watts is required. Since the walls are scarcely
heated, no energy is lost and the important advan-
tage is achieved that no water-cooling is required:
the natural air-cooling keeps the walls cold enough
for the oil vapour to condense. Another great ad-
vantage of the small power and accompanying small
heat capacity of the heating element is that when
evacuating the microscope tube (e.g. after changing
film or filament) the vacuum valve may be opened
at once: the tube is then pumped to a low vacuum
through the oil diffusion pump — a most unusual
procedure, which in our case can be applied without
any objections since the sudden flow of air cools
down the small quantity of oil in a few moments to
a temperature where oxidation of the oil need no
longer be feared.

The rotary pump has a vibration-free mounting,
so that it may be allowed to run while working
with the microscope without any deterioration of
the sharpness of the micrographs. The high vacuum
pump can also be allowed to continue working after
the vacuum valve has been closed for the admission
of air to the microscope. The operation of the va-
cuum system is therefore extremely simple.

The safety devices which normally play a large
part in vacuum systems, have been reduced here
to one automatic valve. This is situated between
the rotary backing pump and the oil diffusion pump.
The electrically operated valve remains open so
long as the mains voltage remains across the motor
driving the backing pump. If the motor is stopped
or the voltage fails, the valve closes automatically
as a result of the atmospheric pressure and, at the
same time, the vacuum side of the backing pump
is connected with the outside air. Oil from the rotary
pump can therefore never be sucked into the va-
cuum system if the motor stops — an old trouble
with many vacuum systems.

The instrument includes the usual precautions
against arcing inside the microscope: a relay
permits the application of the high voltage to the
cathode only when a sufficient vacuum has been
reached.

The vacuum is measured by a Philips manometer
(Penning gauge).

The mechanical construction of the vacuum sys-
tem is also worthy of mention. The oil diffusion
pump has been suspended inside the desk of the
microscope on a specially strengthened section
which extends upwards as a vertical vacuum tube
with internal diameter of 50 mm. This wide tube

ensures a reasonable pumping speed and, thanks
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to its very firm connection with the desk, performs
an important function as stand for the microscope
column: at its upper end, the tube carries a connect-

ing block which is fixed with screws to the lower end

VOL. 17, No. 2

In the connecting block is the vacuum valve
already mentioned and the tube is connected here
by a rubber seal (thus not rigidly connected, to

maintain the principle of suspension from one

Fig. 16. The desk of the EM 75 kV seen from the back (back panel removed). Bottom left,
tank containing the oil-immersed high tension generator, rectifier valves and filament
current transformer. Bottom right, backing vacuum pump. Centre magnetic mains voltage
stabilizer. Above, rectifiers and smoothing condensers, which supply the energizing current
for the three electron lesnses, Behind them is the back of the operating panel with knobs
and switches,

of the microscope tube. The microscope is rigidly
fixed only at this point, so that if vibrations occur,
the whole instrument behaves as a rigid body.

Such

the photographs made and the instrument need

vibrations have therefore no influence on

not be placed in a vibration-free room or on a

special foundation.

point) to an extension which brings the cathode
space and the object space in direct connection
with the high vacuum pump (fig. 12). This meas-
ure reduces the pumping time from the start
to about 15 minutes; when changing the speci-
the after 20

pumping.

men, vacuum is restored seconds
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The electrical equipment

The acceleration voltage for the electrons is
‘supplied by a small cascade generator with three
rectifier valves. A variable transformer makes it
possible to vary the high tension from 0 to 75 kV.

The generator, together with the rectifiers, is fitted
_in an oil bath which can be hermetically sealed.

The bath stands on the base of the desk where, in
addition to the pumps, the magnetic stabilizer for
the mains voltage and the power pack for the lenses,

the deflecting coils and the vacuum gauge are
housed (fig. 16).

The three lenses, condenser, objective and pro-

jector, are supplied independently by three power
packs, each with their own variable transformer,
“selenium rectifiers and smoothing condensers. The
currents for all the lenses can be continuously
varied from zero to the maximum value — we have
already seen that one of the uses for this is in the
‘adjustment of the optical axis. The adjusting
knobs are all mounted on the front panel of the
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- desk (fig. 1). Here, too, is the switch for reversing

the current in the objective lens.
It has been seen that in this electron mlcroscope,
no use has been made of electronic stabilization.
The instrument does not contain a single amplifier
tube, and apart from the rectifiers the microscope
tube itself is the only “electron tube” in the appara-
us. For an electron microscope with magnetic
lenses this may be considered unique.
Summary The small electron chroscope EM 75kV has been
constructed to give a resolving power of at least 100 A. The
instrument contains three magnetic lenses: condenser, objec-
tive and projector. The objective has a focal length of only
0.8 mim. This makes the “chromatic” aberrations relatively
small. The same is true for the projector lens, which is excited
in the “achromatic point” of its characteristic. The total result

is that for the desired resolving power, fairly large fluctuations
of the excitation currents I of the lenses and the acceleration

- voltage V of the electrons can be permitted, so large, in fact,

that electronic stabilization is unnecessary; a simple mains
voltage stabilizer of the magnetic type is sufficient, and the.
microscope contains not a single amplifier tube. Besides this
great simplification of the electrical equipment, the vacuum
system and mechanical construction have also been simplified
without prejudicing the demands of reliable operation, short
pumping time and insensitivity to mechanical® vibration.

ELECTRONIC EQUIPMENT FOR THE CONTINUOUS
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MONITORING OF TURBINES ..
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by C. van BASEL, H. J. LINDENHOVIUS and G. W van SANTEN -

621,317.39:621-135

- Electronic measuring systems have several features which render their application very

attractive outside the field of electrical engineering, for example in mechanical, physical and -
chemical applications. This article describes one of the latest applications, viz. electronic
devices for the continuous control of the behaviour and running conditions of turbiries.

Quantities requiring monitoring in turbines
Among the machines that operate under extrem-
ely severe physical conditions one should cer-
tainly include turbines; they operate at steam
pressures of 80 atm or more and at temperatures
of 500 °C, which, in combination with very high
speeds of rotating parts, set up enormous stresses
in the material. At the same time, to ensure high
efficiency performance, only very slight tolerances
are permissible. Since, moreover, these machines
are very expensive, it is obvious that the running
conditions of a turbine should be subject to contin-
uous careful attention. Added to this is the fact
that even seemingly insignificant defects in a tur-
bine, or slight negligence in its control, may cause

1

“serious damage, not only to the machine but also

to other things in thé vicinity, quite apart from the
indirect consequences of the breakdown of the -

‘energy supply — whethier used to generate clectri-

city or’ to propel a ship. .

In order to illustrate where monitoring is neces-
sary, consider fig. 1, which shows a simplified cross-
section of the turbine of a turbo-generator. The
rotor shaft, rotating at a speed of 3000 r.p.m., is
fitted with, a number of rows of moving blades.
In between the moving.blades are rows of guide
blades fixed to the casing, which have the task of
re-directing the steam on to further rows of moving
blades. The rotor shaft is located radially by slide
bearings (1) and in the axial direction by a thrust
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bearing (Michell bearing, 2). The places where the
" shaft passes ‘through the casing are sealed steam-
tight by labyrinth glands (3). The two parts of the
shaft are connected by a flange coupling (4). The
turbine rests on a foundation (6) to which it is
rigidly fixed at a point (5) perpendicularly under
the thrust bearing. Only at this point (because of
the considerable expansion of the turbine) are
casing, shaft and foundation mutually fixed.
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Since the rotor possesses a smaller heat capacity
and a greater coefficient of thermal conduction
than the stationary, thick-walled casing, the former
suffers faster changes in temperature and therefore
expands more quickly. The small space between
moving blades and fixed blades becomes even smaller
(especially between the rows farthest ‘removed
from the common point of fixture 5) and in the
course of a rapid temperature change there is a risk

42457

Fig. 1. Cross-section of a steam turbine. H high-pressure stage, L low-pressure stage (the
arrows indicate the direction of the steam). I slide bearings. 2 thrust bearing. 3 labyrinth
gland. 4 flange coupling. 5 point at which the casing is rigidly connected to the foundation
6. 7 vibration pick-ups for checking the vibrations of the shaft bearings I and 2. 8 disc
for measuring relative changes in length of the shaft. 9 pick-up for measuring the absolute -
change in length of the casing. 10 disc for measuring the eccentricity.

The first quantity to be considered for measure-
ment is the vibration amplitude in the bearings
1 and 2. This measurement provides information
regarding any unbalance of the rotor system, any
play in the bearings or “fouling”. A timely indica-
tion of any excessive vibration amplitude may
prevent enormous damage. To give some impres-
sion of the magnitude of the amplitudes concerned
it may be mentioned that for a given case in the
literature !) an amplitude of 10. . is considered
satisfactory, whereas at 45 p corrective action’is
urgently called for and at 80 y it becomes absolu-
tely imperative. (These numbers are applicable to
a rotor speed of 3000 r.p.m.). -

A second quantity of importance is the chang’e
in length of the shaft relative to the casing. For
every variation in the steam pressure (which may
be caused by a load variation, but is particularly
~ evident during running up and slowing down of

of fouling, with all its serious consequences (such as
damage to the labyrinth gland). Continuous moni-
toring of the relative change in length of the shaft
with respect to the casing is therefore most desirable.
The maximum permissible deviation is 1-2 mm,

Apart from this relative change in length it is
often desired to measure the absolute-change in
length of the casing. The temperature of the casing

. in the high-pressure stage is 300-400 °C and the

the machine) the quantity of heat supplied per

second is changing and together with it the tempe-
rature of rotor and ‘casing.

1) Measurements by T. C. Rathbone,Aq‘roted by I. E. Church,

Power 103, July 1950, and K. Federn, Arch. tech. Messen
14-9 1954 (No. 222) .

length 2-3 m, so that in heating up from cold the -

expansion may be 10-20 mm.

The fourth quantity to be measured is the eccen-
tricity of the shaft. Particularly during’ running
up and slowing down of the turbine it is possible
that the heating or the cooling along the cirqﬁni—

ference of the rotor does not take place quite uni-

formly. The accompanying irregularity of expansion
or contraction is manifested in a bending of the
shaft. If this effect becomes very pronounced,
there is again the risk of serious damage, caused -
by fouling between moving and stationary blades.
For this reason the eccentricity should also be
checked, particularly at low rotor speeds.

Among the methods for measuring the above-
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mentioned quantities, electronic methods are par-

ticularly attractive for the following reasons:

1. By means of electronic tubes it is possible to
obtain power amplification and consequently
a high degree of sensitivity.

2. The virtually inertialess action of electronic
amplifiers makes it possible to measure rapidly
varying quantities as well.

Added to these are some of the general advanta-
ges of electronic measuring methods, viz. the fact
that reading or recording may be done at a consi-
derable distance from the object to be measured,
and the fact that the properties of electrical cir-
cuits are easily adaptable to the circumstances
obtajning in the turbine. In the case in question,
moreover, it is important that the relative displace-
ment and the eccentricity of the rotating objects
can be measured without any mechanical contact
with the object and hence without any wear on the
detecting element and without the risk that in
case of breakdown of the latter, parts of it could
interfere with the turbine. We shall now deal more
closely with an electronic set-up for the monitoring
of turbines.

Monitoring the shaft-bearing vibrations

The amplitude of bearing vibrations is measured
with the aid of an electro-dynamic vibration pick-up
type PR 9260. As it is a considerable time ago that
this instrument was discussed in this Review 2),
we shall once more give a brief description of it.
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Fig. 2 shows a longitudinal section of the vibra-
tion pick-up. Two parts can be distinguished:

S v

J/ 83439

Fig. 2. Cross section of the electro-dynamic vibration pick-up
PR 9260. M permanent magnet, mounted in the housing H.
S; output coil (with connection contact C). S, damping coil
(copper sleeve acting as a short-circuited winding). The coils
are mechanically connected and suspended between the spring
membranes V.

1. the housing H surrounding the rigidly fixed
permanent magnet M, and
2. the spring membranes V connected by a central

pin, and carrying the coils S; and S,.

The housing is fixed on the vibrating object —
in this case the cap of the bearing in question
(fig. 3) — and in this way follows every motion of
the latter. The spring-mounted pair of coils on the
other hand, follows these motions to a far less
degree, and hardly at all if the frequency is suffi-
ciently high, in which case it may be considered as
stationary which is a characteristic of a pick-up

?) J. Severs, Philips tech. Rev. 5, 230-237, 1940; at the time
the type number was GM 5520.

Fig. 3. The vibration pick-up PR 9260 fixed to the bearing cap.
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of the seismic type. The magnet connected to the
housing moves relative to the more or less stationary
coils and induces in the latter a voltage proportional
to the velocity of the displacement. Coil S, is short-
circuited: this provides the “half-critical” damping
(i.e. a damping half as great as the critical damping)
required for a favourable frequency-response curve.
Coil S, is connected to an output cable. The ratio
of the voltage in this coil to the velocity, is plotted
as a function of the frequency in fig. 4.

In order to obtain a voltage which is not propor-
tional to the velocity of the displacement, but to
the displacement itself, the output voltage of the
pick-up has to be integrated over the time. This is
easily effected by means of a single RC-network.

200, mls

Ely

100+

oL 1 1 1 1 1 1

5 0 2 50 100 200 500
834¢ —»f

1
1000 ¢/s

Fig. 4. Response curve of the vibration pick-up PR 9260; the
ratio of the output voltage E to the velocity } is plotted as a
function of the frequency f.

Fig. 5 shows a block-diagram of the electrical
circuit. By means of a rotary switch a maximum
of 12 pick-ups can be successively connected to
the integrating RC-network. This network is follow-
ed by an amplifier, a rectifier and a smoothing
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Fig. 6. The recording millivoltmeter type PR 2200 A/21.

filter. The direct voltage thus obtained is a measure
of the amplitude of the vibrations and may be
recorded by means of a recording millivoltmeter
(fig. 6). In practice it has been found most suitable
to select such a sensitivity that a vibration ampli-
tude3) of 50 p corresponds to full deflection of the
pointer. The recorder is provided with an adjustable
contact which operates an alarm installation as
soon as one of the vibration amplitudes exceeds
the pre-set value.

3) That is, a peak-to-peak value of 100 w.
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Fig.'5. Block diagram showing the connection of the vibration pick-ups Vy...V, (7 in
fig. 1) alternately connected via a rotary switch S to the integrating network I. The out-
put voltage of I is applied via an amplifier, a rectifier and a smoothing filter to a recording
millivoltmeter m}V (see fig. 6). T calibration transformer.
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" The proper functioning of the equipment may
easily be checked at any desired moment by means
-of an accurately adjustable alternating voltage
derived from a transformer (T, fig. 5) connected
to the mains. '

Monitoring changes in length and eccentricity

Relative change of 'length of shafi with re;pect to
casing

The relative change in length of the shaft is
measured with an inductive displacement pick-up.
This instrument (fig. 7) consists of an armature
(4) of a magnetic material situated between two

U-shaped yokes of laminated nicalloy. Each of the

yokes is provided with a coil. The two coils, of an
equal number of turns, together with two equal
resistances form a bridge circuit. One diagomal is
fed, via a transformer (T;), from a valve oscil-
lator (frequency 500 c¢/s). The primary coil of an
output transformer (T,) is connected to the other
diagonal.

When the armature is situated exactly mid-way

between the two yokes, the self-inductances of the
two coils are equally great and mno voltage appears
across the primary of transformer T,. When the

yoke is displaced to the right a distance x, the

- self-inductance of the right-hand "coil increases,

J
I . T2
:::Lz T E .
1 Y

O L3E

. 83440

. Fig. 7. Schematic diagram of inductive displacement pick-up.
The coils L; and L,, together with the resistors R; and R,,

* form a bridge circuit fed by an valve oscillator (500 ¢/s) via

. transformer 7. The bridge is balanced if armature A is located
mid-way between the yokes .J. If the armature is located to
the left or to the right.of the centre, a voltage y is produced
across the primary of the output transformer T,.

e

since here the air gap has become 's;qéller;,svhereas
the self-inductance of the left-hari&_b'(')il decreases.
The bridge circuit is now no longer ‘bz_nlanced, and
a voltage v is produ(‘:ed"zi’("}i:os;Tzh which is mearly

proportional to the’displacement x over a wide
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range (fig. 8). If the armature were moved the
same distance x to the left, then an equally large
voltage would be produced across T,, this time,
however, in opposite phase. In order to distinguish
between movement to the right and movement
to the left, it is necessary to identify the phase,
for which purpose a phase-sensitive detecting circuit
is used. ' '

63441

d=2,5mm

3mm

Fig. 8. The voltage y (fig. 7) plotted on an arbitrary scale as a
function of the deflection x of the armature from the central
position for various values of the air gap 4. :

The manner in which a pick-up of this type is
used for measuring the change of shaft length of a
turbine is shown in fig. 9. A disc R (8 in fig."1) is
fitted on the shaft, which has the same function
as the armature 4 in fig. 7. The two yokes are
rigidly connected to the casing.

The working principle needs no further elabora-
tion, but two minor complications may be mention-
ed here. One is due to the fact that the turbo-gen-

o i i
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‘Fig. 9. The displacement pick-up of fig. 7 in a construction

suitable for measuring the change in length of the shaft relative

“to the casing. The yokes J are rigidly connected to the casing.

A disc R (of “Permenorm”), fitted on. the shaft, functions
as armature. (For the sake of clarity the yokes are shown
rotated through 90° about line g-a.)
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erator is surrounded by a magnetic and an electric
field, both of which may impair measurements. The
pick-up, therefore, should be carefully screened,
magnetically as well as electrically. For this pur-
pose it is housed inside a thick-walled steel box
lined with mu-metal. Moreover, the coils are wound
in such directions that the influence of an external
magnetic field is reduced to a minimum.

The second complication arises from the fact
that disc R rotates within the magnetic field of the
coils, so that eddy-currents are generated in the
disc, giving rise to amplitude and phase errors. To
keep these errors as small as possible, the disc is
made of a nickel-iron alloy (one of the many types
of “Permenorm”) with a high resistivity. Use of
this material has the added advantage that it is
easily machinable.

The air gap on either side of the disc is 10 mm.
The maximum displacement that can be measured

£

is 5 mm to either side.

Absolute change in length of the casing

The absolute change in length of the casing is
also measured by means of a displacement pick-up
(9 in fig. 1). This is effected by a pick-up of which
the armature is connected to the casing and the
yokes to the foundation. Since here the displace-
ments to be measured are fairly large (up to 20
mm), very wide air gaps would be required to
obtain a linear scale, which would necessitate yokes
of very great dimensions. This has been avoided
by giving the armature a wedge-like shape (fig. 10),
such that an axial displacement is converted into
a 50 times smaller lateral displacement, the latter

being measured in the manner described above.
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With this (somewhat unusual) reduction of the
sensitivity, the air gaps can be confined to 5 mm,
so that yokes of normal dimensions can be used.
This construction (fig. 11) makes it possible to
measure displacements up to 50 mm to either side.

[ 1]

Fig. 10. Displacement pick-up for measuring the absolute
change in length of the casing. The principle is the same as
that of the pick-up of fig. 7, but owing to the tapered shape
of armature 4, a change in length of the shaft now corresponds
to a 50 times smaller change of the air gap 0. The angle ¢,
actually about 1787, is shown smaller for the sake of clarity.

Eccentricity

Measuring the eccentricity is again effected by
means of an inductive displacement pick-up. Its
construction as shown schematically in fig. 12.
The disc I, shown in this diagram, is located in
position 10 in fig. 1 and is made of the same nickel
iron alloy as disc R in fig. 9.

Any eccentricity of the shaft is manifested by
the fact that the centre of disc I does not remain
stationary, but describes a circle of radius e, say.
Hence the distance from the circumference of the
disc to the yokes changes periodically with an

amplitude e.

Fig. 11. The displacement pick-up of fig. 10 with the cover removed and closed ready for
mounting. For calibration, the amount of the displacement can be read direct from a
scale; this reading should correspond to the deflection of the recording meter.
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In the two previous cases gradually changing -

quantities were involved; here, however, we have
to deal with a dynamic’ phenomenon for the
distance to be measured changes periodically with
a frequency equal to the rotation speed of the
shaft. The output voltage of the bridge, therefore,

83260
Fig. 12, Inductive displacement pick-up (cf. fig. 7) in a form
suitable for measuring the eccentricity of the shaft. Here the
armature consists of a disc E (of “Permenorm”), fitted on the
shaft.

consists of a signal of 500 c¢/s, modulated with
the (far lower) frequency of the shaft. This output
voltage is applied via a demodulator to a recording
measuring instrument. As long as the rotation speed
is very small (below about 1 r.p.s.) — and checking
the eccentricity is particularly important at low
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speeds of rotation, because of the uneven tempera-
ture distribution during running up and slowing
down — the pointer of the recording meter closely
follows the distance variations. As the rotor speed
increases, the recorded amplitude decreases, until
finally the pointer does not fluctuate at all, but
only indicates the average position of the centre
of the disc. This information, top, is valuable, since
it is an indication regarding the thickness of the
oil-film in the bearings.

Ifit is desired,”however, to measure the eccentri-
city also at high speeds, then, just as when measu-
ring the vibration amplitude, the demodulated
output voltage has to be rectified and smootlied,
after whichithe direct voltage thus obtained can be
recorded. ' )

The air gap between disc and yokes is adjusted
to 2.5 mm; an eccentricity of 0.5 mm produces full
scale deflection. .

The electrical circuit.

Fig. 13 shows a block-diagram of the circuit
used for length and eccentricity measurements.
A rotary switch driven by a small electric motor
makes it possible to connect alternately six induc- .
tive pick-ups. The sensitivity and the zero point of
each. of these pick-ups is adjustable by means of its
two potentiometers incorporated in the apparatus.
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Fig. 18. Simplified block diagram of the circuit for monitoring changes in length and
eccentricity. D;... Dy six displacement pick-ups. D, calibration pick-up. P potentiometers
for adjusting the zero point and the sensitivity. S rotary switch. O oscillator 500 c/s.
Dem demodulator. F; smoothing filter 500 c/s. A amplifier. Det detector. F, smoothing
filter shaft frequency. (4, Det and F, only function for measuring the eccentricity at rotor
speeds above 48 r.p.m.) m¥ recording millivoltmeter.
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The demodulation of the output voltage of the
bridge takes place in the phase-sensitive detector
(Dem). The voltage thus obtained is smoothed of
the 500 ¢/s component by a filter (F);) and the
remaining low frequency voltage is applied to a
recording instrument. Only for measuring the

the

and smoo-

eccentricity at high rotation speeds is signal

subjected to a subsequent rectification
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mentioned above, but provided with a micrometer
screw, by means of which the armature can be dis-
placed over accurately adjustable and known dis-
tances.

Those parts of the equipment which are sensitive
to fluctuations of the supply voltage are fed from
a stabilized voltage supply so that mains-voltage
fluctuations cannot impair the results.
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Fig. 14. Section of strip chart, showing the conditions during slowing down of a turbine.
At a the eccentricity was recorded with the detector Det (fig. 13) functioning (rotor speed
still above 48 r.p.m.); at b without this detector (rotor speed below 48 r.p.m.): the indicator
now follows the demodulated alternating voltage. The intermediate rectangular deflec-

tions relate to changes in length.

thing as mentioned above. This rectifier (Det)
may be switched on or off as required; sometimes
the switch is operated by a relay, which is automa-
tically energized as soon as the rotor speed exceeds
a certain value (e.g. 48 r.p.m., corresponding to
0.8 c¢/s). The strip of recording chart, shown in
fig. 14, represents the condition of a turbine pas-
sing the critical speed of 48 r.p.m. while slowing
down.

The functioning of the equipment can at all
times be checked by means of one or more standard
pick-ups, of identical construction as the pick-ups

Summary. Turbines are very costly machines, working under
severe conditions; moreover, only extremely small tolerances
between the rotating and the stationary parts are permissible.
The possibility of serious damage can be avoided by keeping
a continuous check on certain quantities by means of an in-
stallation which gives an alarm if any of them exceeds its
critical value.

The quantities to be monitored are the vibration ampli-
tudes of various shaft bearings, changes in length of shaft
and casing, and the eccentricity of the shaft. Electronic methods
for measuring these quantities have the advantage of high
sensitivity, the absence of inertia, and the ability to indicate
and record at a distance.

The article describes a seismic electro-dynamic vibration
pick-up for checking bearing vibrations, and various types
of an inductive displacement pick-up for checking the change
in length of the shaft relative to the casing, the absolute change
in length of the casing and the eccentricity of the shaft.
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R 234: I. Pelchowitch: A high resclution mass
spectrometer with variable-bandwidth meas-
uring circuits (Philips Res. Rep 9, 141,
1954, No. 1)

A high-resolution spectrometer of the magnetic-
sector type is described. Following a general des-
cription of the instrument, a detailed analysis and
circuitry of the electronic part are given. This is
planned so as to include the possibility of varying
. the time of observation whilst retammg a high

sensitivity in the measuring circuits. A.ccordingly
" the components units are designed for static and

for dynamic operation. The ion-accelerating voltage
supply can give a voltage sweep variable in start-
ing-voltage value, amplitude and time dependence.

It is also constructed to have a low effective inipe-

dance to minimize the disturbing effects of induction

and leakage currents. A special DC-coupled wide-

_ band electrometer amplifier is described covering
the frequency range 0-1000 c/s. The useful band-
~width can then be selected by the succeeding mea-
suring units in order to have a high signal-to-noise
ratio. The circuits of an oscillograph display of the
ion currents are given. An added feature of the
instrument is an improved space-charge emission
regulator used in connection with a modified Nier-
type ion source.

R 235: L. Pelchowitch: A study of the évaporation
products of alkaline-earth oxides (Philips
Res. Rep. 9, 42-79, 1954, No. 1).

The mass spectrometer described in R 234 is
used to study the evaporation phenomena in systems
. where the alkaline-earth oxides are coated on elec-
trically heated metal ribbons. BaO evaporates
mainly in the form of the oxide when it is coated on

Pt and Ni or coated in admixture with SrO and

Ca0O on Pt. When the BaO/Pt system is brought
“to high teraperatures, an ion current of Ba,0, can
be measured. In the SrO/Pt and CaO/Pt systems the
main evaporation product is the free element accom-
panied by the oxide and ‘the singly ionized metal
ions. The main evaporation product in the BaO/Ta
system is free Ba accompanied by the expected
amount of the oxide and by singly ionized Ba ions
which can be measured at higher temperatures.

When the experimental results of ion-current depen-

dence on temperature are fitted to an équation of

. the formlog I = —A4/T+ B, I being the ion current .
. at a certain M/e value measured at the sample

temperature T °K, unexpected results are found.

- The evaporation-rate curve drawn using log;, I

and 10%/T as coordinates is not in all cases a single
straight line. The evaporation curve of BaO from
all BaO systems coated on Pt can be best described
in the measured, temperature range as two lines
differing in slope joining at the temperature point
T = 1250 °K. A critical behaviour in the evapora-
tion-rate curve of free Ba evaporating from the
system BaO/Ta seems to occur when this tempera-

~ ture point is reached. A different behaviour of the .
_evaporation-rate curve of BaO is observed in the

BaO/Ni system, the transition point at’ 1250 °K
disappearing. We are then able to prove, however,
that the Ni base metal evaporates through, the BaO
porous layer and that the evaporation-rate curve of . .
Ni behaves critically in the neighbourhood of T = ’
1250 °K. A transition point in the evaporation-rate
curve of free Sr is found in the system SrO/Pt.
It is reversible with temperature and the tempera-
ture value is T = 1600 °K. In view of the unexpect-
ed results found in the evaporation-rate curves,
resistance measurements of the systems are made
using oxide layers pressed between metal electrodes.
All the above-mentioned transition points appear
clearly in the resistance behaviour with temperature. -
The difference between Pt and Ni as base metals
is also indicated. Finally the experimental results
are compared critically with data from the litera-
ture. !

R 236.: P. Zalm, G‘.. Diemer and H. A. Klasens:
Electroluminescent Zns phosphors (Phi-
lips Res. Rep. 9, 81-108, 1954, No. 2).

_In Part I, an account is given of the preparatlon
of electroluminescent zinc-sulphide powders. The -
preparation is based on the assumption that a -
copper-rich layer on the surface of the grains is
neccessary for electroluminescence. e T

In .Part II, electrical and optical measirements
on electroluminescent ZnS powders are described,
including various oscillograms of suspended and
binderless settled layers, and stroboscopic obser-
vation of the individual crystals by means of a .
microscope. The maximum efficiency is 1.5 (4 0.2) -

s
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Im/W; the b1'ightne$s at 600 V, 3000 c/s is aboﬁt
1000 Im/m®. The hypothesis of a barrier action at
the surface of the grains is confirmed.

In Part III, the observations of Part I and I '

lead to the conclusion that electroluminescence is
a kind of cathodoluminescence with “slow” elec-
trons. The smallness of the efficiency of electrolu-
- minescent phosphors is compared with that of
normal phosphors under - cathode-ray excitation
at low voltage and high current density. A discus-
sion is given of an equivalent circuit for a suspended
electlolummescent layer.

R 237: G. Diemer: Electric breakdown and llght
emission in Cds single crystals (Philips
Res. Rep. 9, 109-121, 1954, No. 2).

With measurements on D.C. breakdown in photo-
conducting Cds single crystals, activated with Cl,
I-V characteristics are obtained very similar to
. those of arc discharges in gases. There is a Towns-
“end region, giving rise to anode light, a region of
negative slope where light phenomena occur poin-
ting to a positive streamer discharge, and an arc
region of thermal character.

R 238: W. F. Niklas: Die negative Ionenkompo-
nente des Elektronenstrahles in Katho-
denstrahlréhren, insbesondere Fernsehbild-
rohren (Philips Res. Rep 9, 122-130, 1954,
No. 2).

The electron beam of a cathode-ray tube contains,
apart from the electrons, also negative ions which
inactivate the fluorescent screen. When in a cathode-
ray tube with an electrostatic lens system a trans-
verse magnetic field is superposed on the electro-
static field, it is possible to focus the ions on the
screen in sharp points which are arranged accor-
ding to the mass of the ions. A sharp focus is only
obtained if the ions are generated at the same spot
as the electrons because the lens system is arranged

for sharp focusing of these electrons. An unsharp
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focus of the ions therefore indicates that the ions
must have bheen generated elsewhere than the
electrons. The mass of the ions is‘obtained by
suitable calibration. By means of the degree of
sharpness of the focus two ion components can be
ions generated in the remaining
gases contained in the cathode-ray tube (gas ions),
and ions from the cathode. By means of a shadow
method (a fine gauze placed at different points in
the cathode-ray tube) it is shown that the gas ions
are generated between the grid and the first anode.
By their mass and nature the cathode ions are
identified as CI%7, CI% and CN or C,H,, and the
gas ions as O, CH, C. Reduction in the residual
pressure results in the elimination of the gas ions;
the intensity of CN (or C,H,) cathode ions reduces
with increasing life of the tube.

R 239: H. G. Beljers: Faraday effect in magnetic
materials with travelling and standing waves

(Philips Res. Rep. 9, 131-139, 1954, No. 2).

The ferromagnetic Faraday effect in a circular
wave guide is described and the approximate theory
for the angle of rotation of the plane of polariza-
tion is recapitulated. A few experiments are des-
cribed for Ferroxcube and Ferroxdure samples and
the experimental results are compared with the
theoretical ones. Finally an experiment with a
ferrite specimen in a resonance cavity is reported,
demonstrating the positively and mnegatively rota-
ting components of the mode of oscillation.,

R 240: J. S. C. Wessels: Investigations on photo-
synthesis; the Hill reaction, Part I (Philips
Res. Rep. 9, 140-159, 1954, No. 2). #

First paft of a treatise on the photochemical
reduction of various quinones and dyes by isolated
chloroplasts, studied by measuring the redox
potential during illumination. Apart from a general
introduction, this part contains details of the experi-
mental set-up.




PHILIPS 5.cir0 Getotron

in principe bestaat een cyclotron uit een
luchtledige versnellingskamer (1) in het
middelpunt waarvan de ionenbron (2) is
aangebracht. Aan de omtrek bevindt
zich de trefplaat (3) waarop het te bom-
barderen preparaat wordt bevestigd. In
de versnellingskamer bevinden zich ook
twee D-vormige electroden (4) waartus-
sen een hoogfrequente spanning heerst.
Het geheel bevindt zich tussen twee
magneetpolen (5) in een juk (6). Een
constant magneetveld wordt door twee
met gelijkstroom bekrachtigde spoelen (7)
in stand gehouden. Een concentrische
hoogfrequent leiding (8) verbindt een van
de beide D-vormige electroden met de
H.F. oscillator (9). De pompen (10 en 11)

onderhouden een vacuum in de versnel-

lingskamer en in het modulatorgedeel

Hoe is een cyclotron

Hoe werkt een cyclotren?

De ionenbron (2) schiet atoomkernen in
de luchtledige versnellingskamer (1) met
een relatief geringe beginsnelheid. Ten
gevolge van de aanwezigheid van het
magneetveld gaan deze deeltjes in cirkel-
vormige banen lopen en passeren daarbij
telkens de spleet tussen de beide D-vor-
mige electroden (4). Door een juiste keuze
van de frequentie van het hoogfrequente
wisselveld tussen deze electroden kan
worden bereikt, dat een deeltje juist op
het moment dat het de spleet oversteekt
door de tegenoverliggende doos wordt
aangetrokken. Zodoende wordt het deel-
tje bij elke rondgang 2 maal versneld. De
steeds toenemende snelheid doet echter

Hierdoor gaat het deeltje zich meer en
meer naar buiten bewegen en hoewel
hierdoor de baan steeds langer wordt,
zal het deeltje toch steeds op het juiste
mncment de spleet blijven oversteken. De
snelheid neemt nl. evenredig met de baan-
lengte toe en dus blijft de tijd van een
omloop constant. De baan die het deeltje
beschriift wordt dus spiraalvormig. Op de
buitenste baan van deze spiraal hebben
de deeltjes de grootste snelheid en daar
is juist de trefplaat(3)met het te bombarde-
ren preparaat aangebracht. Het voordeel
van deze werkwijze is, dat de deeltjes
met behulp van een relatief lage span-

ning, een snelheid kunnen bereiken, die

ook de

met een veelvoud daarvan.

Waartoe dient een cyclotron?

Een cyclotron is een apparaat dat gebruikt wordt om kleine

laden deeltjes (; k van f, d i of
helium) te versnellen. Met deze snelle, en dus energierijke
deeltjes worden b Ide stoffen gebombardeerd, met het

doel daarin kernreacties te veroorzaken. Met het cyclotron
kunnen dus onderzoekingen worden gedaan naar de opbouw
van de atoomkernen. Tevens kan het apparaat worden ge-

bruikt voor het prod van radio-acti die
bij het wetenschappelijk onderzoek, in de moderne industrie
en in de kunde steeds lvuldiger worden

Het synchro-cyclotron

Het linksonder beschreven principe van de werking van
het cyclotron gaat bij versnelling tot zeer hoge ener-
gie niet geheel op. De massa van de deeltjes neemt
dan nl. iets toe (relativiteits-theorie). Bovendien zal het
magneetveld aan de buitenziide van de polen iets zwakker
zijn dan in het midden. De deeltjes raken hierdoor steeds
meer achter op het hoogfrequente wisselveld tussen de
electroden, naar mate de snelheid groter wordt. Het
aantal gangen in de spiraalvormige baan en dus ook
de eindsnelheid van het deeltje wordt hierdoor beperkt.
Dit bezwaar kan worden ondervangen, door de frequentie
van het hoogfrequente wisselveld te laten afnemen, naar
mate de snelheid van de deeltjes toeneemt. Op deze
wijze raken zij niet achter, doch zij blijven synchroon
met het wisselveld de spleet oversteken.

Bij het hi ! laat men de
hoogf isselveld periodiek d qf
modulatie). De deeltjes, die door de ionenbron worden

f van het

afgeschoten op het moment dat de frequentie maximaal
is, worden telkens gebundeld tot groepen die synchroon
met het veld lopen. De rest van de deeltjes raakt uit de
pas en gaat verloren. De trefplaat wordt dus telkens
getroffen door een groep van met het veld synchroon
lopende deeltjes, zodat daar een pulserende stroom heerst.

Het inzetten van een nieuwe trefplaat

Modulator-ziide van het cyclotron
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Purpose of a cyclotron

A cyclotron is an apparatus used for the acceleration of small charged particles
(protons, deuterons or w-particles). These rapid particles, possessing a high
energy are used to bombard certain substances with the object of causing nuclear
transmutations in the latter. The cyclotron can, therefore, be used [or research
into the structure of atomic nuclei. The apparatus is also employed for producing

radio-active isofopes, which are finding

increasing application in scientific

research, in modern industry and in medicine.

General construction

In its basic form a cyclotron consists of an evacuated
chamber (1) in the centre of which the ion source (2) is
placed. At the outside of the acceleration chamber is the
target (3) provided with the preparation to be transmuted.
Inside the acceleration chamber are also two D-shaped elec-
trodes (“Dees") (4), in between which a H.F.-voltage pre-
vails. The whole of this is located between two magnet poles
(5) in a yoke (6). A constant magnetic field is maintained
by two D.C.-energized coils (7). A coaxial H.F.-transmis-
sion line (8) forms the communication between one of the
Dees with the H.F.-oscillator (9). The vacuum pumps (10
and 11) maintain a vacuum in the acceleration chamber in
the modulator part.

Working principle

The ion source (2) emits atomic nuclei at a relatively low
initial speed. Under the influence of the magnetic field the
particles are forced to describe a circular path in the course
of which they repeatedly pass the gap between the Dees (4).
By a correct choice of the frequency of the H.F. alternating
field between these electrodes, it is achieved that a particle,
just at the moment when crossing the gap, is attracted by
the opposite electrode. In this way a particle is twice acce-~
lerated during each rotation. The increasing orbital speed,
however, also increases the centrifugal force, so that the
radius of the orbit increases, so that the particles continue

to cross the gap at exactly the right moment. This is due

to the fact that the speed increases proportional to the length
of the orbit so that the time of revolution remains constant.
The particle, therefore, describes a spiral orbit. On the outer
trajectory of this spiral the particles have their greatest speed

Captions

and it is there that they hit the target (3) with the pre-
paration to be transmuted. This procedure has the advantage
that by means of a relatively low tension the particles can
be accelerated to a speed, corresponding to a multitude of
this tension. :

The synchrocyclotron

The basic working principle of the cyclotron as given in
the foregoing is not completely applicable when the parti-
cles are accelerated to a very great final energy, because of
the relativitic increase of their mass. Moreover, as the par-
ticles get closer to the edge of the pole pieces, the density
of the magnetic flux must necessarily be somewhat
smaller than in the middle. Owing to this, the particles are
lagging more and more behind the H.F. alternating field
between the electrodes according as their velocity increases.
-All this restricts the number of revolutions in the spiral orbit
and correspondingly limits the ultimate energy of the par-
ticle. This objection can be overcome by gradually reducing
the frequency of the H.F. alternating field, according as the
velocity of the particle increases. In this way lagging is
avoided and the particles continue to cross the gaps syn-
chronously with the alternating field. With the synchrocy-
clotron the frequency of the H.F. alternating field is periodi-
cally changed (frequency modulation). The particles emitted
by the ion source at the moment when the frequency is
maximum are each time bundeled into a stream running syn-
chronously with the field. The remaining particles get out
of step and are lost in the process. The target is, therefore,
each time hit by a group of particles running synchronously
with the field, which intermittant beam causes a pulsating
current at this spot.

Preparing the ion source for operation.

Inserting a new target.

Modulator side of the cyclotron.

Attention

The other side of this sheet is a reproduction on a reduced scale of our 7-colour wall-chart of the cyclotron. Dimensions
80 X 120 cm (32" X 48”). This wall-chart is available in Dutch, French, German, English and Spanish. Price HIfl
0.50 (1/— $ 0.15). For ordering, write_ to: General advertising Division, N.V. Philips’ Gloeilampenfabrieken, Eind- -

hoven, Holland.

79/001/A - 6:55

s

/




SEPTEMBER 1955

.Ph leS Technlcal Rev1éw

DEALING WITH TECHNICAL PROBLEMS
RELAT]NG TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
- THE PHILIPS INDUSTRIES

EDITED BY THE RESEARCH LABORATORY OI‘ N.V. PHILIPS‘ GLOEILAMPENFABRIEKEN, EINDHOVEN, NETHERLANDS

VOL. 17 No. 3, pp. 69-100

THE APPLICATION OF THE X-RAY IMAGE I'NTENSIFIER

I. GENERAL SURVEY

II. THE PERCEPTION OF SMALL OBJECT-DETAIL

III. OPTICAL AIDS FOR THE IMAGE INTENSIFIER.

IV. EQUIPMENT FOR SPOT FILM RADIOGRAPHY INCORPORATING AN IMAGE
INTENSIFIER FITTED WITH A PERISCOPE OPTICAL SYSTEM

V. MEDICAL ASPECTS OF THE IMAGE INTENSIFIER

VI. INDUSTRIAL RADIOLOGY WITH THE IMAGE INTENSIFIER

For many years electronics has been engaged in the problems of amplifying very weak currents
and voltages In recent years, partly owing to the stimulus of television, @ new branch of elec-
tronics, that is, the intensification of light, has emerged The original object of this develop-
ment was the conversion of long-wave, into short-wave light (“wavelength-transformation’ )
which was investigated in the Philips laboratories at Eindhoven as long ago as 1934. Now,
however, the emphasis is on luminance intensification with special refcrence to the mtenszﬁ
cation of weak fluorescent images. :

The first. article on the X-ray image intensifier to appear in this Rcvtew was published

" in 1952; since then, laboratory experiments and practical tests have produced much new and
interesting information concerning this intensifier, and it is now considered worth while to
publish one or two articles describing these developments. The main points considered here are:
the minimum size of detail perceptible with the image intensifier; the optical problems involved;
photography and cinematography with the image intensifier. »

The present articles refer mainly to the existing type of image intensifier. Little is said
as to the probable future trend of development in image intensification; this does not imply,
however, that the present results are considered the last word in this field. On the contrary, we
should emphasise that the subject is still developing and we hope to report further progress
in due course. ~

1. GENERAL SURVEY

by M. C. TEVES. 621.386.8:616-073.75:621.383.8

By way of introduction, the purpose,- principle
and design of the X-ray image intensifier at present
in regular production 1) will be briefly re-stated.

" The purpose of the image intensifier is to enable
-as much information as possible to be extracted
~from the fluorescent image
. object, for a given X-ray dose. The theoretical
and practical factors governing the amount of infor-
mation obtainable from the image are discussed

of the particular

1) M. C. Teves and T. Tol, Electronic intensification of
fluoroscopic images, Philips tech. Rev. 14, 33-43, 1952/53.

fully in the second article of this series. It can be
shown from these considerations that with ordinary
fluoroscopy, the information in the screen depends
on.the X-radiation absorbed by the screen. The
amount of radiation absorbed is closely related
the dose to which the patient is exposed.
However, the observer cannot extract all this in-
formation, owing to the weakness of.the optical
link - between the - fluorescent screen and the
human detecting organ (that is, the retina of the
observer’s eye). The same applies-to fluorography -
(miniature radiography), which likewise involves
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an appreciable loss of light in an optical link,
viz. that between the fluorescent screen and the
film; the loss is so great, that only about 1%, of
the information latent in the screen is transmitted
to the film. o

Full-size radiography is very much better in this
respect. The direct optical contact between fluor-
escent -screen and film here prevents any loss
of light. With regard to the first two methods
referred to, an image intensifier tube considerably
increases the amount of information obtainable with
a given dose. Compared with full-size radiography,
however, it offers only secondary advantages,
namely that it enables the dose to be reduced. It
has the further advantage that it enables cinemato-
graphy to be employed.

Hence the main purpose of the 1mage intensifier
is to make good the light loss in the optical link
between the fluorescent screen and the light detector
(retina of the eye, photographic film or plate, or,
possibly, the photo-cathode of a television camera
tube). :

Description of the image intensifier

The image intensifier is an evacuated glass tube

. containing a fluorescent screen on a thin aluminjum
base (fig. 1); in contact with the screen is a photo-
cathode. X-radiation striking the screen makes it

0254y ° 72178

Fig. 1. Schematic cross-section of the image intensifier tube.
R fluorescent screen receiving the X-radiation after it passes
through the object O and the glass wall of the tube; D support
carrying the fluorescent screen and the photo-cathede K. The
fluorescence generated in R releases electrons from the photo-
cathode. The “electron image” is reproduced, reduced in size,
on the viewing screen FI by the electric field between K and
the hollow anode 4. It is then observed through a simple
microscope M. W is a conductive coating on the inside of the
tube.

fluoresce and the light then releases electrons from
the photo-cathode. The number of electrons ‘S0
released from each point on the cathode is propor-
tional to the luminous intensity of the fluorescent
screen at that point. By means of an electric field,
the electron 1mage thus formed is reproduced,
reduced 9 times in’ size, on another fluorescent screen,

the viewing screen. Part of the energy of the elec- ’

VOL. 17, No. 3

trons striking this screen is re-converted into fluo-

rescent light to form a 9 times smaller facsimile of
the image on the first fluorescent screen. This

facsimile is then viewed through a simple eyepiece

of roughly 9 X magnification, so that the image is

seen in. its original size, that is, roughly 13 cm in
diameter, and wupright, but "about 1000 times
brighter than before.

The luminance intensification arises from two

" factors (which, however, are not independent of

each other). Firstly, an increase in the overall
luminous flux (or “lumen intensification”) due to
the fact that the electrons from the photo-cathode
are accelerated by the electric field: there is an
accelerating voltage of roughly 25 kilovolts be-
tween the photo-cathode and the viewing screen.
The higher the energies of the electrons striking the
viewing screen, the more intense the fluorescence
produced. Although only about 1 in every 10 light
quanta falling on the first fluorescent screen
releases an electron, -and only about one tenth of
the electron energy is converted into light on the
viewing screen, the energy imparted to the elec-
trons nevertheless results in the latter screen pro-
ducing between 10 and 15 times as much luminous

flux as an ordinary fluorescent screen vwwmg the

same subject.

The second factor is the electron-optlcal reduction
of the image size; it enables all the photo-electrons
to contribute to the formation of the image, $0 that
the amount of light generated does not depend upon
the area over which these electrons are distributed.
By employing a reduction of 9 times, we reduce the
area within which the electron energy is concen-
trated by a factor of 92; hence the total luminous
flux is emitted from an area about 80 times smaller
than it would be with reproduction on a scale of
1:1. This, by definition, means  an increase in

luminance by a factor of 80. The total luminance _

intensification is the product of the lumen intensi-
fication and the gain from the reduction of the
image size; with the tube under consideration, it is
between 10 and 15 times 92, or from 800 to 1200.
Thus the luminance is so increased as to make
good all the light loss mvolved in the forming of
the image. .

In the conversion of a low-luminance image into
a  high-luminance one, special precautions are
necessary to avoid loss of contrast or definition in
the image owing to imperfections in the apparatus.

With the present image intensifier, sl'larpnessL is
limited mainly by the thickness of the first fluorescent
screen. However, it is also affected to some extent
by the viewing screen. Blurring in the electron-
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-optical ixﬁage forming system is almost negligible.

In principle, subtle contrasts in the low-luminance
initial fluorescent image are not affected by the
light-transformation (the y of the image intensifier
is unity). In plactlce, however, there is a shght but
unavoidable loss of contrast owing to “fogging”,
that is, a luminance contribution distributed more
or less uniformly over the whole image. On the
other hand, the increase in contrast sensitivity of
the eye with increasing luminance far outweighs
this slight loss. In photography, it can be made
good by employing a film with a higher .

Although it is essential that the properties and
possibilities of the image intensifier be fully inves-
tigated in the laboratory by means of “phantom
tests” (see article II), its merits from the medical
point of view can be determined only in actual
medical practice. Such practical tests are being
carried out in a number of places, e.g. in the Philips
Health Centre at Eindhoven under Professor Burger
and Dr. Feddema 2), and in Maastricht by Dr. van
der Plaats 3). .

Without particularizing unduly, we may quote
the following examples of the usefulness of the
image intensifier from these investigations (see
_ article V).

In chest fluoroscopy, the intensifier gives good
results with only one tenth of the normal X-ray
dose. Apart from the fact that the resolution is
at least as good under these conditions as in the
direct image, the image intensifier- enables the
subject to be examined in a moderately lit room
and without any plehmmaly adaptation of the
eyes.

" The intensifier is eminently suited for locating
foreign bodies (e.g. metal particles), and for the
routine examination of the setting of bone fractures.

For the examination of an oesophagus, stomach
or colon into which contrast medium has been in-
troduced, the investigation is considerably facilitated
by the image intensifier.

2) J.Feddema, Image intensification. Some possible diagnostic
applications in cineradiography, Brit. J. Radiology 28,
217-220, 1955.

3) G. J. van der Plaats, De réntgendoorlichting in verband
met nieuwe ervaringen met de beeldversterker, Ned. T.
Geneesk 97 1056-1063, 1953.
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An important use of the image intensifier is-

as'an aid to visual positioning before the taking
of an ordinary, full-size rad10g1aph (spot film
technique). .

Medical experience has shown that in fluoroscopy,
better results are’ obtained with, than without the
image intensifier, especially in'circumstances where
the relatively small size of the field, i.e. 13 cm in
diameter, is not a handicap. :

As applied to fluorography, that is, photography of
the viewing screen of the intensifier on film with a
camera, the medical uses of the intensifier may be
divided into two categories:

1) The taking of still photographs, singly or in series.
2) X-ray cinematography. :

A great deal of information concerning both these

uses has already been collected. It is found that
the quality of a photograph taken with the image
intensifier on fine-grain 35 mm film is very much
the same as that of an ordinary full-size radiograph,
although, with a suitable optical system, the X-
ray dose required per photograph is a factor

of 2-3 smaller than in full-size radiography. With,

regard to X-ray cinematography, it is enough
to say that even with quite a long film, the X-ray
dose is not heavy enough to endanger the patient;
hence photographic X-ray examination can now
be employed in physiological, as well as anatomical
studies.

Briefly, then, we may safely say that the present
Image intensifier has demonstrated its value in
many medical applications. However, it is still
far from perfect. One of the practical improvements
still required from the medical point of view is
a larger image field. ‘Moreover, the methods of
presenting the image to the observer also require
attention; this is important not only in fluoroscopy,
but also from the point of view of cinematography.
Another problem is how best to convey all the
information in the film strip to the observer.

Finally, it should be pointed out that the 1mage
intensifier is also useful in industrial radiography.
The relatively brighter image produced permits
the visual examination of much thicker ob_]ects
than has been possible hitherto. One or two exam-

- ples are given in article VI.

II THE PERCEPTION OF SMALL OBJECT- DETAIL

by T. TOL and W. J. OOSTERKAMP

In X-ray dlagnosm, the principal aim is to
obtain the desired information concerning the organ
examined, with .the smallest. practicable X-ray

621.386.8: 616-073.75: 621.383.8

dose to the patlent. In general, direct visual

examination of the fluorescent image involves a

very much larger dose to the patient than the taking

e e
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of a?"single radiograph: in fluoroscopy the radiologist
requires a certain amount of time to examine all

the details of the image properly, whereas in

radiography the time during which the patient is
irradiated, is relatively short, and the radiologist
has ample opportunity to study the film when once
it is developed. On the other hand, a radiograph
provides the radiologist with only one instantaneous
picture and therefore tells him nothing about the
condition of the particular organ at different mom-
ents ; such information is important when moving
organs or an unrepeated. effect, say, the injection
of contrast medium, are to be observed. Accordingly

.the relatively larger X-ray doses associated with

fluoroscopy give, in general, more information.

_Both methods, the visual and the photographic,

are still in use in X-ray diagnosis; they are comple-
mentary. We shall now consider in how far the two
can be improved by. employing an image intensi-
fier; this involves investigating both theoretically
and practically the minimum limits of contrast
and detail that can be observed for a given dose in
fluoroscopy and radiography, with and without
the image intensifier.

Theoretical limit of detail perception

As stated in an earlier article!), the perception of
small object-detail is limited, according to Rose %)
and Sturm and Morgan 3), by the fluctuations or
noise in the number of quanta involved in the ob-
servation of the particular object-detail. In fluoros-
copy, for example, such detail cannot be resolved
unless the difference in luminance between it and
the surroundings exceeds the mnatural luminance
fluctuation. With a radiograph, a similar argument
holds good for the local fluctuations in photogra-
phic density owing to the finite size and varying
concentration of the silver grains in the picture.

The magnitude of the resultant fluctuations is
governed mainly by the particular stage of the
image transmission at which the average number of
quanta or particles, N, is smallest (Npin). The
standard deviation of the actual values of Npin is
]/m The contrast between two zones of different

luminance, I; and I,, may be defined as:
c= I—I,
. I,

The fluctuations in luminance produce contrasts

-

1)°"M. C. Teves and E. Tol, Electronic intensification of
fluoroscopic images, Philips tech. Rev. 14, 33-43, 1952/53.

2) A. Rose, The sensitivity, performance of the human eye
on an absolute scale, J. Opt. Soc. Amer. 38, 196/208, 1948.

3) R. E. Sturm and R. H. Morgan, Screen intensification sy-
stems and their limitations, Amer. J. Réntg. Rad. Ther.
62, 617-634, 1949,
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determined by I, Ny, and I, % Nynin— Namin 3
hence Cgyet = 1/]/—_]\7,1?,1. The minimum contrast
clearly perceptible despite these fluctuations is
therefore Cpin = k/ Wml_n’ where k is greater than

" unity; it will be shown from the experimental re-

sults that the actual value of k is roughly 3. Given
Nuin, then, it is possible to calculate this minimum
contrast, and also, since N is proportional to the
area of the detail observed, the minimum percep-
tible contrast as a function of the detail diameter (d).
Here we have, then, a theoretical, quantitative
limit on the detail perception. If Cyp is plotted
against d on logarithmic co-ordinates the resulting
curves are straight lines.

Numbers of quanta involved in the different stages
of image transmission

The numbers of quanta involved in the different
image-stages in fluoroscopy with, and without
the image intensifier are shown diagrammatically
in fig. 1. The integration time of the eye, that is,
the time during which the eye is able to co-ordinate
a certain number of light quanta into a single
light-impression, is assumed to be 0.2 sec. ?)’

In fluoroscopy without the image intensifier, only
a very small fraction (roughly 0.02%) of the light
from the screen enters the pupil of the eye. In the .
complete image transmission chain, then, it is at the
retina that the number of quanta per image-element
is smallest; the screen must absorb 100 X-.ray
quanta to produce one effective light' quantum on
the retina. Hence the perception of detail is fun-
damentally limited by the relative fluctuations in
the number of quanta effectively absorbed by the
retina.

In fluoroscopy with the image intensifier, however,
the number of light quanta is so increased by the
1000 times luminance intensification, as to exceed

- the number of X-ray quanta absorbed; here, then,
_perception of detail is limited by the number of

absorbed X-ray quanta. .

The smallest numbers of quanta are then a factor
of 40 larger, and the relative fluctuations a
factor of /40 ~ 6 X smaller than in fluoroscopy
without the image intensifier; the theoretical mini-
mum perceptible contrast (for a given detail size)
is therefore likewise smaller by a factor of 6. '

If the fluctuations in the number of X-ray quanta-

_could be neglected, the factor by which the mini-

mum perceptible contrast is reduced by the 1000 X
luminance intensification would be very much
larger 4). In fact, such an improvement would be

1) H. R. Blackwell, J. Opf. Soc. Amer. 36, 624, 1946,
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. St £i ¢ .o . . N "N
, . Stage of image transmission Particles without L.L | with L.
o Onobject . . . . . . . ... X-ray quanta 2.5 X 105 { 2,5 x 10%
7 Transmitted by object . . . . ” 5x10° | 5x10° - -
} ' ) . '
Absorbed by fluorescent screen. » 4 % 10° | 1.2 x 108
.\\\~ .
Iy L Emitted by fluorescent screen . Light quanta 4.5 x 108 6 x 105
1
A ' i Emitted by photo-cathode Electrons ' . 6 x 104
= —<'>—>c Emitted by viewing screen Light quanta . 6 x 107
T LA ,
— "—//c’ Ineyepupil . . . . . .. .. ” 1.2 x 103 4 X ?05
Lo o Absorbed by retina . . . . . . e T o3 x 10t 4 x 103
V= 10° 10? 10° 10°
: 8337+ :

Fig. 1. Average number of quanta or particles (V), for a round detail 2 mm in diameter,
cffective for 0.2 sec, in different image-stages in fluoroscopy without the image intensifier

(dotted line) and with it (full line).

Object: 8 cm “Philite” 4- stationary scatter grid. Distance to focus 90 cm, 40 kV, 1 mA.

obtained if the light from the screen were generated,
not by X-rays, but by a very much larger number
of relatively low-energy quanta.

The number of quanta for miniature radiography

~with and without the image intensifier are shown

diagrammatically in fig. 2. Here, the time factor is

not determined by the fixed period already referred
to (0.2sec), but depends upon the exposure time,
since the photographic emulsion stores all the radia-
tion imparted to it. However, the integration time
of the eye is involved in the actual examination of
the 1adiograph (last two points in fig. 2).

The radiograph (without image intensifier) refer-

. .o . N N .
Stage of image transmission Particles without LT | with LI
7 Lo Onobject . . . v v o . . . . X-ray quanta 2.2 x 108 | 7.5 x 108
o a Transmitted by object . . . . ” 4.5 x 108 | 15 x 10
I
v\,{ J'\\ Absorbed by fluorescent screen - 3.5 x 10 | 3.5 x 102
\ ‘\\~\

\ﬁ \\“o— Emitted by fluorescent screen Light quanta 4.0 x 10° | 1.8 x 108

i .

i .

< ! Emitted by photo-cathode Elcctrons ) 1.8 X 108
~ I o o : .
[~ A | Emitted by viewing screen. . . Light quanta 1.8 X 10
L / On photographic emulsion . . . » 1.6 x 107 107
~< 4 In photographic emulsion . . Blackened grains 5 x 10 6 x 104
In eye pu'pil RN Light quanta 1.v5 x 107 | 1.5 x 107
L~ : per 0.2 sec : . .
: Absorbed by retina »» 2.5 X 105 | 2.5 X 108
N‘= ’olf 106 108 10/0 . .
83215 .

Fig. 2. Average numbers of quanta or particles (IV), per detail 2'mm in diameter, effective
in miniature radiography without the image intensifier (dotted line) and with it (full

line).

‘Without the image intensifier: Fluorescent screen photographed with a mirror camera,
fld=1, on 70 mm film (“Scopix Ortho”). Total reduction 7X . Exposure 40 kV, 180 mA sec.
With. the image intensifier: Viewing screen of the image intensifier photographed through
an optical system (two lenses: f/d = 1.5, f = 55 mm, and f/d = 2.0, f = 75 om) on 35-mm
film (Agfa “Fluorapid”). Total reduction 6.5 X (that is, reduction in image intensifier
9 X, optical magnification 1.4 X). Exposure 40 kV, 0.6 mA sec.

Object: 8 ecm “Philite” 4- stationary scatter grid. Distance to focus 90 cm.
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red to in fig. 2 was. taken with the aid of a fast
mirror camera. Owing to the low aperture ratio at
the object side of this system, only a small fraction
(roughly 0.49%) of the light from the fluorescent
screen is photographically effective. Roughly 70
X-ray quanta must be absorbed by the fluorescent
screen to produce enough light to cause the subse-
quent development of one silver grain in the film
emulsion; hence the number of silver grains deter-
mines the theoretical limit of contrast. The precise
relationship between the density fluctuations and
the relative standard fluctuation in the number of
grains per object-detail is not known. It is probably
associated with the contrast (y) of the emulsion.
However, it is reasonable to suppose that unless
the density is very large, its fluctuations will de-
crease as the number of grains per individual detail
increases (that is, as the size of the grains decreases).

In radiography with the image-intensifier, as re-

ferred to in fig.2, aroughly 1.4 times enlarged photo-

graph of the viewing screen is taken on the film with
the aid of an optical system. As in fluoroscopy, the
increase in luminance compensates for the loss of
light in the optical system: Hence each X-ray quan-
tum gives rise to several silver grains: (roughly 20)
in the developed photographic emulsion. As in
fluoroscopy with the image intensifier, then, the
number of X-ray quanta absorbed by the initial
fluorescent screen of the intensifier determines the
theoretical limit of contrast.

" With full size radiography, almost all the light from
the two screens (so-called
is effective, because the film is in actual contact
with the screens. Measurements of the numbers of
light quanta involved have shown that the smallest
number (that is, the fluctuations) is governed in
this case by the number of X-ray quanta absorbed
by the screens.

Given the value of k, then, Cpin = /) Nmin
can be calculated from the measured numbers of

“intensifying screens”)

‘quanta, for object detail of any size.

Experimental results

The mnext step is to determine by experiment
to what extent the theoretically established thres-
hold .of perception is approached in fact.

' Such measurements can be carried out with the

aid of an X-ray phantom, as described i in an earher‘

issue of this Review 9). .

The present measurements were carried out with
‘amodified phantom provided by Prof. G. C. E. Burger.

In prizciple, it comprises a number of:plates of

5) G. C. E. Burger, Phantom tests with X-rays, Philips tech.
Rev. 11, 291-298, 1949/50.
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““Philite” (a phenol resin) one of which, known as

the “phantom plate”, contains several cylindrical
holes of different diameters and depths. The dif-

Cexp
2 1

f \ :
10% 3\\ \

(3]
-

]
i

\ \ N~
3 \ \\
1
g5 1 2 3 4 5 10mm

—sd
83216

Fig. 3. Example of contrast-detail diagrams obtained by
experiment.

Object: 8 cm “Philite” + scatter grid.

Distance to focus: 90 cm.

1: Fluoroscopy without image intensifier: 75 kV; 4 mA

2: Fluoroscopy with image intensifier: 67 kV; 0.1 mA
3: Fluoroscopy with image intensifier: 67 kV; 0.2 mA
4: Fluoroscopy with image intensifier: 67 kV; 3 mA

5: Full-size radiograph on “Curix: 67 kV; 3 mA sec

ferences in depth of the holes correspond to differ-
ences in absorption, and therefore to differences in
intensity of the X-radiation passing through the

Cexp
2 (3

0% \

\
\\

y .
05 - 1 2 3 4 5 10mm

&3217

: I‘lg 4. Example of contrast-detaﬂ dlagra.ms obtained by

experiment, analogous to fig. 3.

Object: 8 cm “Philite’” 4 scatter grid.

Distance to focus: 90 cm

: Radiograph with I.I., “Fluorapid”;

: Radiograph with I.I., “Micro-File™;

: Miniature radiograph (mirror camera
without I.L), “Scopix”’;

: Full-size radiograph on “Curix”;

67 kV; 0.2 mA sec
70 kV; 5 mA sec

2N Ly

67 kV; 14 mA sec
67 kV; 3 mA sec
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plate (frequently but misleadingly called “X-ray
contrast’”). A number of observers then indicate,
either during fluoroscopy or on a radiograph of the
phantom, which of the holes they are just able to
sce. Curves plotted from the depth and diameter of
these just perceptible holes, as shown in figures 3
and 4, thus represent the boundary between per-
ceptible and imperceptible contrast (Cexp) plotted
against the diameter of the object detail. '

" Comparison of experimental and theoretical results

It is evident from figures 3 and 4 that in fact the
measured, curves are not straight, as predicted from
the theory. However, the fluctuation theory holds
good only for an ideal apparatus; it takes no account
of imperfections, such as the invariable blurring of

the image on fluorescent screens, the loss of contrast-

in the image intensifier, and the limited contrast
sensitivity of the eye.

In most fluorescent screens, for example, the
blurring exceeds 0.4 mm, and therefore precludes
the resolution of detail below a certain size, depen-
ding upon the contrast.

What is the situation with regard to detail which
is not unduly small, that is, say, 2 mm in diameter ?
Measurements to determine, for various fluoroscopic
and radiographic methods, by what factor the
experimental lower limit of perceptible contrast
(Cexp) exceeds the fluctuation contrast (Cgyct)
show that this factor is not constant (see last col-
umn of Table I). The extreme values occur in image
intensifier fluoroscopy with X-rays of low intensity
(2.2) and image intensifier radiography on film of
low sensitivity (11.5); an intermediate value (4.5)
is found for image intensifier radiography on sen-
sitive film. The smaller the number of X-ray quanta
employed (say, in image intensifier radiography on
sensitive film), the higher Cgyc¢ and the smaller
the ratio Cexp/Cfluct: A ratio  Cexp/Cauct = 4.5
must be very close to the optimum. The lowest ratio,
viz. 2.2, occurs in image intensifier fluoroscopy with
X.-rays of low intensity. However, it does not neces-
sarily follow that k = 2.2 or, more precisely, that

an X-ray contrast equal to 2.2 times the average

relative standard fluctuation is invariably percep-
tible. The probability of a moment with a low
fluctuation level increases with the period of obser-
vation, so that relatively longer examination may
enable the observer to perceive a contrast lower
than that corresponding to Cpin =.k/}/m 8.
"In view of these arguments, we consider that k
== 3 is a good approximation to the optimum value.

%) Incidental, favourable fluctuations are of no réal value in
radiography, because they never cover the entire field.

X-RAY IMAGE INTENSIFIER 11 75

Table I. Minimum contrast observed (Cexp), minimum number
of quanta (Nmin), the fluctuation contrast computed from it
(Crluct), and the ratio Coxp/Cituct, for the observation of a
detail 2 mm in diameter in a “Philite” phantom 8 cm thick,
by different methods.

. mA - c
Method kvt Cexp N Criuet exp
151::: % - % | Cluer
Fluoroscopy '
without Image
Intensifier 75 | 4 8 1.2%10% 2.9 2.8

Fluoroscopy with

Image Intensifier | 67 | 0.2 |4.4 [ 2.5x10% 2.0 2.2

Radiography with
Image Intensifier
on “Fluorapid”
35-mm film.
Optical system

dff=1:4.5 67| 0214 12.5)(10“I 0.89 4.5

Miniature radiogra-
phy without
Image Intensifier;
mirror camera 67 |14 |3.25

30x10% 0.58 5.6 -

Fluoroescopy with

Image Intensifier | 67 | 3 |2.8 | 37.5x10% 0.52 5.4

Radiography with
Image Intensifier
on “Micro-File”
35-mm film.
Optical system
dif=1:2 67 | 1.5

Radiography with
Image Intensifier
on Pan F
35-mm film.
Optical system
dff =1:45 67| 2 |26

Full-size
radiography 67 | 3 1.5

1.55 100X 10%| 0.31 5.0

125%10°| 0.28 | 9.3

45010 | 0.15 | 10.0

Radiography with |,
Image Intensifier
on “Micro-File”
35-mm film,
Optical system -
diff=1:45 67| 8 [1.6|540x10°

0.14 | 11.5

For the full-size radiograph and for the image
intensifier radiograph on fine-grain film, the experi-
mental values of Cexp/Cluct are relatively high
(>10). Here, then, the perception of a round detail
2 mm in diameter is virtually independent of the
quanta fluctuations, but is governed almost exclu-
sively by imperfections in the apparatus. Although
difficult to eliminate such imperfections are not of
a fundamental nature. '

Direct perception of the quanta fluctuations . _ .

Confirmation of the above arguments is obtainéd
by the fact that the X-ray quanta fluctuations’
can be observed direct in the X-ray imdge. In
image intensifier fluoroscopy with X-rays of mnot
unduly high intensity, the image exhibits a certain
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amount of “noise””. This noise is closely connected
with the relatively small number of X-ray quanta
involved in the forming of the luminous image. The
higher the intensification factor of the image inten-
sifier, the more readily are the fluctuations perceived
by the observer, especially when the viewing screen
is observed through an optical system of high
magnification.

As already explained, in photographs taken with
an image intensifier we generally find an appreciable
difference between the experimental threshold of
perception and the theoretical threshold determined
by the quanta fluctuations (high ratio Cexp/Cfiuct)-
Hence it is unlikely that the fluctuations will be
perceptible in such radiographs. However, they are
seen distinctly in image intensifier radiographs taken
with a relatively very much smaller amount of X-
radiation but a faster optical system. Fig. 5 gives

82303

Fig. 5. Perceptible X-ray fluctuations in radiographs taken
with the aid of the image intensifier. The photographs were
taken with different stops, becoming smaller from a to d.

an example. Here we have four reproductions of
parts of image intensifier photographs. They differ
only in respect of the amount of X-radiation per
photograph, which is in the ratio a:b:c:d =
1:5:32:160; this variation was made possible by
varying the stop of the lens system.

It can be seen that the photographs differ quite
appreciably. Photograph a, for example, taken with
the maximum lens aperture of the system, shows
a coarser structure than the others. The high
intensification produced by the intensifier, combined
with the use of the maximum stop, enabled this
photograph to be taken with a relatively small

VOL. 17, No. 3

number of X-ray quanta; the very mnoticeable
local fluctuations in density arise from the fact that
each X-ray quantum blackens an individual cluster
of grains in the emulsion. Photograph d, taken with
a very much smaller aperture, necessitated a very
much larger number of X-ray quanta to expose the
grains. Because the number of X-ray quanta and
hence that of grain clusters in a is very much
smaller, the relative statistical fluctuation in the
number of individual aggregates is more noticeable.
Hence the grain distribution of photograph a is
appreciably less uniform than that of photographs
cand d. A fine rose on a watering can sprinkles more
evenly than a bucket.

Fundamental and practical advantages of the image
intensifier

The advantages of the image intensifier as applied
to fluoroscopy and radiography will be evident
from fig. 1 and fig. 2. Without the intensifier, only
a small proportion of the X-ray quanta are absorbed
by the screen, on an average, in fact, only 1 in
every 100, is effective; hence the relative value of
the fluctuations is roughly 10 times the fluctuation
inherent in the quanta absorbed. Accordingly, the
detail perception is then fundamentally inferior to
that obtained with the image intensifier, which
makes all the X-ray quanta absorbed effective.
Here, every quantum of radiation absorbed by the
screen gives rise to a threefold stimulus in the retina,
or exposes several silver grains in the film (e.g.
20—30), the precise number depending upon the
type of film and the aperture ratio of the optical
system.

Certain conclusions regarding the observation of
not unduly small detail (one or two mm) with low
contrast may be drawn from the values of Cexp/
Cfuct established.

In fluoroscopy with the image intensifier, a very
close approximation to the theoretical threshold
of perception is reached experimentally; hence we
cannot expect to gain very much from technical
improvements when employing the conventional
examination procedure.

Again, in image intensifier radiographs taken on
35-mm film with the aid of a fast optical system,
the threshold of perceptibility is governed, in prac-
tice, by the fluctuations of the X-ray quanta.
Consequently all that can be done to obtain more
information in such a case is to increase the X-ray
dose: a film of finer-grain may then be used.
Ultimately, then, a limit is imposed by the imper-
fections of the apparatus.

Finally, let us consider one or two values taken
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from figures 3 and 4 to demonstrate the advantages
of the image intensifier technique. It is seen that
the X-ray dose to observe a given thréshold-contrast
with the image intensifier is only 1/40 of that re-
quired in conventional fluoroscopy without the
intensifier. The dose to take an image intensifier
“photograph on 35-mm film is a:factor of 70 smaller
than that required for a 70-mm miniature radio-
graph taken without the image intensifier, the film-
sensitivity being the same in both cases and the
X-ray images being reproduced roughly 7 times

' X-RAY IMAGE INTENSIFIER II ' o

smaller on the film. There is very little difference in
detail perception as between the two photographs.
This is very important from the point of view of
the' filming of moving organs with the aid of the
image intensifier.

With a very fine-grain film, the i image intensifier

enables us to take 35-mm photographs of a quality
comparable with that of a full-size radiograph;
moreover, if a fast optical system is employed, the
dose required is several times smaller than in con-

* ventional radiography.

III. OPTICAL AIDS FOR THE IMAGE INTENSIFIER

[y

It is neither necessary nor customary to employ
optical aids in the examination of an X-ray image
on a conventional fluorescent screen. However, to

resolve the deétail of the image, the eye must be

"properly adapted to the low luminance level of the
screen. '

~ With the image intensifier, however, pleCJSely_
the reverse holds good. Although bright enough

to be examined under ordinary room lighting,
the wvisible image formed in the intensifier is
so reduced, by the electron optical system that
optical instruments are required to enable the
details to be perceived.

The image intensifier therefore necessitates a
" different approach, not only to fluoroscopy, but also.
to photographic work. The mirror camera, although
eminently suitable for photographing the conven-
tional low-luminance X-ray image, by virtue of its
high aperture ratio, cannot be used without modifi-
cation to photograph the relatively small i image in
the intensifier.

‘The problem of magnifying small objects for ob-
servation or photography is of course not new and
many ways of doing it are known. The magnifying
glass, microscope, telescope, camera, etc. are well-
. known examples. It is however, desirable to review
the general requirements to be imposed on an optical
" system for use with the image intensifier. In so doing,
- we shall also discuss various designs examined during
the development of the Philips image intensifier.

Quantities and concepts used in photometry

As an introduction to the above-mentioned

discussion, let us consider the quantities employed

as measures of light, quantities whlch are flequently
mlsmterpreted g

by P. M. van ALPHEN.

621.386.8: 616-073.75: 621.383.8: 535.82

A light source radiates energy; that part of-this
radiant energy whose wavelength is within the
visible spectrum forms the luminous flux (unit:
the lumen).

Luminous flux, then, is the hght proceeding from B

the entire surface of the light source in all directions.
For certain problems it is necessary to determine
the dlstrlb ution of this flux in space; in other cases,
we are more conceined with the flux-distribution as
between different points on the surface of a light
source or an illuminated surface.

In many cases wé require the quantity luminous
flux (throughout the solid angle) per unit area; in

other cases we wish to know the luminous flux

(from the whole of a surface) in a given direction
that is, per unit solid angle. We may also go a step
further and consider the luminous flux emitted by a -
given surface in a certain direction. Thus the overall
luminous flux output may be divided according to
area or direction, or area and direction. The quanti-
ties thus defined have acquired individual names,
ie. Ulumination level (or briefly illumination),

luminous intensity and luminance (or brightness),

respectively. The are shown dia ammatlcall
P Y. Y gr y

_in fig. 1 and Table I.

How, then, are these quantities affected by such
optical elements as lenses and mirrors ? Since optical
systems do not generate light, they do not increase
the overall luminous flux, which therefore remains

" constant, apart from some absorbtion in the system.

However, the illlumination and luminous intensity
do not necessarily remain constant. The luminous

flux can be concentrated, with the aid of a lens or -

mirror, upon certain points (or areas), or in certain
directions (solid angles). This concentration may
produce substantial changes in both luminous
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Table I. Diagram of the relationship between light quantities,

|x=-
Ry

="
wn

-

. Luminous flux @ = light-energy Iper second
Unit: 1 lumen
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Illumination E = Juminous flux Luminous intensity I = M
area 2D solid angle
Unit: 1 lux = Liumen dS-dw Unit: 1 candela — 1 —iumen
. sq. m ¢ . ) solid angle
' . luminous flux
Luminance L = ——————7——
. area X solid angle
. . lumen candela |.
gT]f —> Unit: 1 nit =1 sq.mX solidangle  ~ sq.m (_ %

intensity and illumination!). The luminance -how-
ever, is not affected; since the luminous flux per
unit area and per unit of solid angular measure is

Luminous flux INlumination

9l

33405
Luminous intensity - Luminance
Fig. 1. The four photometric light quantities. Luminous flux
is the overall light-output of ‘the lamp. Illumination is the
luminous flux incident upon 1 sq. m. Luminous intensity is
the luminous flux radiated by the lamp per unit solid angle.
If the light is simply freely radiating, light initially within a
certain solid angle remains within it; hénce luminous intensity
is independent of the distance to the light source. Luminance
(brightness) is the lJuminous intensity per unit surface area (sq.

m or sq. cm) of the light source; hence it is-also the luminous

flux per unit area and per unit solid angle.

1) The sifnplest example of this is a candle with a plane .inirror -

behind it. The mirror increases the the luminous intensity
to two candles, but reduces the solid angle containing
this luminous intensity to 2z, that is, the half of a sphere.

associated with the flux density of the radiation,
or radiance, it is a -property of the light source.
Hence it cannot be increased by means of an optical
system.

If the luminance could be so increased, we would
observe the very strange phenomenon of energy
(in this case light) being transformed from a state
of low concentration to a state of higher concentra-
tion without the performance of work. It is evident,
then, from the reversibility of light radiation that
luminance is affected only by absorption.

Let us now consider the relationship between
luminous flux (@) and luminance (L) (fig. 2). It is
seen that, at a given luminance level, the luminous

83608

Fig. 2. The luminous flux @ radiated within an angle ¢ by a
surface with area S and luminance L in accordance with Lam-
- bert’s law, is 7LS sin®4¢.

~ flux increases with the solid angle and with the area
of surface S. This holds good for a luminous, as well *
as for an illuminated surface. However, it should be
borne in mind that L may also depend upon direc-
tion. In the simplest case of a radiator, whose lumi-
nance is constant in all directions, that is, a radiator
obeying Lambert’s law, the luminous flux is:

® = LS sin?3p. . . )

where ¢ is the’ apex angle of the cone of flux:



SEPTEMBER 1955

Application to optical systems

We shall now consider the above formula in four

different cases:

1) the human eye;

2) a camera;

3) an arbitrary optical system;
4) theimage intensifier.

The sensation produced in the human eye is
governed by the strength of the stimulus imparted
to the optic nerve in the retina. This stimulus de-
pends upon the amount of luminous flux @ entering
the eye, for which formula (1) holds good. For the
purpose of our argument, the area S of a retinal
element may be considered constant (fig. 2). Let @
be the vertical angle of a cone whose apex is on the
retina and whose base is the pupil of the eye. For
a high enough luminance level, this angle is con-
stant. The light sensation, or subjective brightness
is therefore governed entirely by the luminance L.
However, it is here assumed by implication that the
cone @ is completely filled by light rays, or, in other
words, that the eye pupil is fully illuminated by the
optical system through which it is looking. To satisfy
this condition, the smallest aperture through which
the light.‘cone emerges from the optical system,
that is, the so-called exit aperture must be larger
than the pupil of the eye. Since the eye pupil distends
according as the luminance decreases (fig. 3) it is
necessary, therefore, in designing an optical system,
to pay due regard to the luminance range for which
it is to be employed (day or mnight glasses).

8mm =
g
d
T ° N
4= \\
2 N
107 0 070 10 (apostilt)

" Fig. 3. Diameter (d) of the pupil of the human eye, plotted
against the luminance L.

The luminous flux is also important in cameras;
however, this statement requires elucidation. In
referring to the luminous flux received by the optical
system of the camera from the object, and projected
onto the photographic film, we must state the area
upon which the flux impinges, since the required
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exposure is shorter, the higher the illumination
level @/S = nL sin?%¢. Given L, that is, the
luminance of the object, we are still free to choose
sin 3¢ as large as we please. When this has been.
done, we also establish @/S, and therefore the expo-
sure; the latter does not vary with the focal length,
but the size of the image is, of course, proportional
to the focal length. On the other hand, if the
luminous flux is fixed (e.g. because it is supplied by
another optical system) minimum exposure may be
obtained by reducing the size of the image on the

" film as far as possible: This is done by using a lens

of suitable diameter and minimum focal length.

In practice, the problem is usually more complex
than the above argument suggests, since not only
the exposure, but also the sharpness of-the picture,
the grain of the emulsion, the price of the optical
system and the variation of sin 3¢ with the magni-
fication, are involved.

Fig. 4. Derivation of the sine condltlon Lens L transforms
area S into S’ and angle @ into ¢’.

By applying equation,(l) to a lens or optical
system, we obtain a simple derivation of a formula
referred to variously as the Helmholtz, Huygens, or
Lagrange formula, but more often called Abbe’s
sine law. Leaving absorption and reflection losses

.out of account, the luminous flux @’ inherent in

the image is equal to the effective flux intercepted
by the lens (®; see fig. 4). Hence we have:

O = @', or aLSsin?ip = nL'S sin? }¢'.

We have already seen that the luminance remains
constant; hence L' = L, and

sin? 1o

S’ oy
S _y2 —sinz-%q)”
or N= L:-ﬂ @)
: -y sinjp

where IV is the magnification, and y’ and y are,:che

diameters of the image and the object, respectively.
From the point of view of illumination, then, an
optical lens is a transformer of area and angular
aperture, the transformation invariably taking place-
in such a way that luminous flux and luminance
remain unchanged, whereas lummous intensity and
ﬂlummatlon may vary.
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To comé back to the image intensifier, it produces
two different intensifications. Firstly, the high
voltage on the tube imparts extra energy to the
photo-electrons, thus making the fluorescence of
the viewing screen’ brighter than that originally
produced on the photo-cathode; this is known as
the lumen intensification of the tube. Secondly, by
virtue of the N-times electron-optical reduction,
the light thus intensified proceeds from an- area
smaller than that of the photo-cathode, so that here
(as opposed to purely optical reduction) an extra
luminance-gain of IV is obtained. This factor contri-
butes the most to the overall luminance intensifica-

tion. The optical system through which the tube is .
then viewed must clearly be so designed as to enable

the IN-times smaller image to be seen without any
loss of luminance. -

Formula (2) enables us to detelmme the maxi-
mum magnification obtainable, . without loss of
luminance, by means of an optical system. As we
have already seen, the whole area of the eye pupil
(say, 8 mm in diameter) must be filled with light.
The apex of the light cone is on the image observed,
i.e. at the closest distance of distinct vision, say,
25 cm. Hence sin 3¢ = 4/250 = 0.016. It will be
evident that the maximum vertical angle of the
cone intercepted by the optical system is 180°, which
is consistent with sin $p= 1; hence the maximum
magnification enabling the light to fill the whole eye
pupil is 1:0.016 = 60 X. Any further magnifica-
tion reduces the luminance of the observed image.
In reality, however, the vertical angle of the inter-
cepted light cone is invariably very much smaller
than 180°; the maximum permissible magnification
is therefore also smaller. '

We shall now describe a number of different
optical systems, outlining the conditions governing
their use. It is necessary to point out, however, that
one very important factor, that is, the convenience
of the observer, is virtually ignored in these dis-
cussions. In practice, it is usually preferable to

~* accept a slightly less perfect but easily adjustable

‘system to one which is perfecf only in theory.

Optical aids to fluoroscopy
The magnifying glass
The simplest means of observing the small image
" on the viewing screen of the image intensifier tube
is an ordinary magnifying glass. This has not been
used so far, however, for the reasons given below.
To enable the image to be seen with both eyes, the

magnifying glass must be employed ‘as a reading
glass. The magnification is then relatively weak;
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hence it would impose a limit on the permissible
electron-optical reduction in the image intensifier.
We have already seen that the luminance intensifi-
cation, which is most important in fluorsocopic
examinations, increases as the square of this reduc-
tion. A loss of a factor of 4 in electron-optical
reduction is equivalent to a loss of a factor of 16
in luminance.

Within the required field of view (14 mm) a very
much stronger magnification can be obtained by
placing the glass to only one cye..However, both the

- eye and the glass must then be brought close to the

viewing screen, a condition which cannot always be
satisfied.

Morcover, the principal objection to the use of a
magnifying glass is that the electron-optical system
of the image intensifier produces an inverted image
on the viewing screen; when the latter is observed
through a magnifying glass, then, the image of the

.object is seen upside down. This is very distracting

to a doctor unaccustomed to such image inversion
in ordinary fluoroscopy. It can, of course, be correct-
ed by means of image-erecting mirrors or a system
of prisms, but they detract from the essential
simplicity of the equipment; moreover, they pre-
clude ‘the use of a strong magnifying glass, since
there is then no room to place them in the path of
the rays.

Microscopes

These considerations have led to the idea of
employing one lens to erect the image and another,
a magnifying glass, for viewing it. This is essentially
the same arrangement as in a microscope, where the
objective functions as an image-erecting lens and
the eyepiece is, in effect, a magnifying glass. Now,
to restore the image to its original size we require
a magnification of roughly 10 X, which could be
obtained with an eyepiece of, say, 5 X, and an
objective of 2 X magnification. The diameter of the
exit pupil depends upon the aperture of the micro-
scopic objective, whichin arelatively weak objective,
as here considered, is not very large. We emiployed a
microscope having a numerical aperture of 0.07 and
an exit aperture between 4 and 5 mm in diameter.
It is smaller than the pupil of a dark-adapted eye,
and would therefore be a possible cause of loss of
luminance. However, practical experience has shown
that with the 1000 X intensification, dark-adaptation
of the eye virtually never occurs.

Bmocular microscope

Viewing with both eyes is usually less fatiguing
than with one eye. However, we wish to avoid the
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binocular arrangement employed for ordinary
microscopes of this type, that is, a semi-transparent
mirror or prism distributing the available light even-
ly between both eyes, because it reduces the lumi-
nance at least by half. We are therefore compelled
to double the light-gathering power of the system
and employ an objective with a very large exit
pupil, or, as in Greenough’s microscope, two objec-
tives, and two eyepieces, side by side.
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an angled arrangement, a full description of which
will be given in the following article (IV).

Another possibility will now be described. In it,
the monocular microscope already described is
retained for viewing, but two mirrors, parallel to
each other and at roughly 45” to the path of rays,
are introduced into their path. They produce a
lateral displacement of the image, but do not rotate
it (see IV). By making the viewing system rotate

Fig. 5. Binocular microscope and camera, mounted so that they can be swung alternately
into position in front of the image intensifier. The left-hand picture shows the microscope
in use; in the right-hand picture the camera is in use.

Most of the microscopes of this pattern now on the
market contain Porro image-erecting prisms; hence
they are not very suitable for our purpose. According-
ly, we began our experiments with two monocular
microscopes side by side at an angle of 18°. With
this arrangement, however, it is rather difficult to
adapt the system to individual eye-spacing (varying
from 55 to 75 mm), without affecting the focus.
Prisms are therefore used (despite some light-loss)
to deflect the path of the rays slightly, thus enabling
the distance between the eyepieces to be varied by
rotating them about the optical axis, and differences
in focussing as between individual observers to be
compensated by adjusting the two eyepieces
separately. The binocular microscope thus obtained,

combined with a camera, is shown in fig. 5.

Movable mounting

The above mentioned arrangement is very useful
for an image intensifier operated in a fixed position.
With an image intensifier so mounted that it can be
turned in all directions, however, we must pay more
attention to the problem of bringing the eyepiece
within easy reach of the eye. From this point of
view, a monocular system, rotated by means of

movable mirrors or prisms, is best. It is, in effect,

about the axis of the image intensifier tube, the
eyepiece can be adjusted to the eye-level of the
particular observer ( fig. 6). Moreover, by allowing
the second mirror to tilt slightly about an axis
perpendicular to the plane of the drawing, the

a b

Fig. 6. Periscope optical system. (a) Two mirrors parallel to each
other (S, and S,) bend the path of rays, but do not change
the position of the observed image. (b) By rotating the whole
system about axis A4S, the image intensifier can be raised or
lowered a distance h without varying the level of the eye
(O, or 0,). The direction of observation can be varied by tilting
mirror S, about an axis perpendicular to the plane of the draw-
ing.
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viewing direction can be adj{xsted to a comfortable
" head position. With some movable systems, the
thought of peering into the eyepiece tends to produce
a slight feeling of apprehension: the observer is
aware that it may hit him in the eye when moved.
However, this can be avoided, either by providing a
suitable head support (see IV), or by so designing the
optical system that the point where the eye must
be to observe the entire image, that is, the exit
pupil of the instrument, is some distance away from

the metal parts of the instrument, Moreover, if the-

exit pupil be as large as possible, the eye will not be
restricted quite so much to one particular viewpoint.

With such an arrangement, it is not easy to find the proper
position for the eye in relation to the system, if it happens that
the eyeis not in the path of the rays, the observer cannot see the
image and does not know which way to move the head in order
to see it. This problem has now been solved in the following
manner (fig. 7). A piece of frosted glass is introduced into the
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image intensifier, it is quickly found again by re-inserting the
frosted glass in the path of rays. In some cases, where the X-ray
dose makes it desirable, the frosted glass may be left in the
system; this greatly facilitates the observation, but slightly
reduces the luminance and sharpness of the image.

Photographic optical system

There is a wide choice of cameras for recording
the image on the viewing screen of the image

intensifier. One or two general remarks on the subject

may therefore be useful. We have first to consider
whether we require single photographs taken at

. intervals, a series of photographs taken in rapid

succession, or cine films to enable us to study
movements or sudden effects. When this question
is settled, we must decide upon a suitable picture
size and choose the lenses with which to obtain it.
In this connection, we must also decide on the type
of film, and even consider the most suitable design
for the image intensifier itself.

S2

I

AR R

Fig. 7. Principle of the frosted glass view-finder (a). The fast lens L, projects an image of
A upon mirror S;, which reflects it into the only slightly frosted glass screen (B). The image
on this screen is viewed through a system comprising a magnifying glass (L,) and a mirror
(S.). The eye is attracted to position 0, because from here the image is brightest. When the
eye is kept in this position and the frosted screen is withdrawn from the path of rays, the
image is seen in full brightness. L, and L, then operate as the objective and eyepiece of
a microscope. The diagram (b) shows the diffusing pattern of the frosted glass.

_ path of rays at the point (B) where an image is formed by the
objective (L,). The glass is so frosted as to diffuse only slightly
in lateral” directions, and transmits mostly in the direction
perpendicular to its surface, that is, along the axis of the system.

. This frosted glass screen is viewed through the eyepiece (L,),

* then employed, in effect, as a magnifying glass, Looking

" obliquely through L, towards the frosted screen, the observer
sees an image, but a faint one owing to the very limited diffu-
sion of the glass in the non-axial direction towards his eye.
However, he has only to move his head to perceive in which
direction he should move it to increase the apparent luminous
intensity of the image; in this way, the position of maximum
image intensity is soon located. It lies precisely on the 6ptical
axis of the instrument, that is, on the same line as the above-
mentioned exit pupil. When the frosted glass is withdrawn,
then, the eye is exactly in the path of rays, and it requires
no more than a slight forward or backward movement of the

head to observe the entire image plane and its maximum -

luminance through L,, which then functions as an eyepiece.
If the correct eye-position is lost during the moving of the

Let us now “consider the question of film size.
Given an image intensifier tube with a viewing

. screen of a certain luminange, we require an optical

system with the highest possible 'light-gathering
power to photograph it. Using the best optical
system available, it is possible to intercept only a
certain proportion of the luminous flux emitted by
the viewing screen; hence it is not advisable to
distribute this intercepted flux over a large area of
film. Accordingly, we take the film as small as possi-
ble, thatis, the smallest size consistent with the detail
required and the resolving power of the particular
photographic material. Another reason for choosing
a small film size is that most of the fast optical
systems mnow on the market are designed for
miniature film. . ' .

‘Next, we. must deal with the problem of forming




SEPTEMBER 1955

an image of an object (the viewing screen) on film
of roughly the same size. However, photographic
optical systems, and notably the ones considered
for our purpose, are designed to form reduced images
of large objects, that is, to produce images at the
_ focus. They are less suitable for the formation of full-
size images, because in so doing they fail to correct
the aberrations in the image 2). Moreover, with ima-
ges formed on the scale of 1 : 1, the object and image
distances are both equal to twice the focal length of
the system; hence the angular aperture (}¢) is only
half as wide then, as in the formation of an image
at the focus. . , -

At first glance it may seem that we can go
a long way towards solving this problem by in-
creasing the size of the viewing screen in the image
intensifier tube, that is, by desig;ﬁng the intensi-
fier so as to give a less drastic electron-optical
reduction of the image. However, it is readily shown
that in fact this would be a mistake, since it would
deprive us of part of the luminance-gain from
" electron-optical reduction, which is one of the princi-
pal advantages of our system although the parti-
cular lens would then operate under conditions more
favourable as regards angle 4 (the optimum choice

83611

Fig. 8. Two lens systems in tandem: to form an image of rough-
ly full size, two optical systems may be employed, the one with
the object, and the other with the image in focus. The rays
associated with any given image point are purallel between
the ‘two systems.

of optical system and film size is not affected by the
supposed smaller electron-optical reduction in the
image intensifier), the luminance (L) would de-
crease as the square of the diameter of the viewing
screen. The final result, then, is that the film would
receive less light (see equation 1).
However, the problem can be solved in another
. way, i.e. by .the simple expedient of using, two
ordinary photographic lens systems in tandem,
so - that the image produced at infinity by the
ope is focussed by the other (see fig. 8). Thus
éach lens is utilised in the manmner best suited to
it, the net angular aperture being twice that of
a single optical system formmg an image on the
scale of 1:1. :
2)—Tl—n;s_illustrat:ed most simply by a mirror syste;n:‘with
an infinitely long object distance the parabolic mirror is
free from sphencal aberration; with a finite object distance,

however, it is necessary to employ the focal points of an
elhpucal mirror.
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Although the path of rays between the two optical |
systems is parallel, they should be placed as close
together as practicable; otherwise, rays oblique to
the axis may be cut off (vignetting; see fig.’9). A
certain amount of magnification can be procured

Vi
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Fig. 9. Vignetting effect. The whole of the beam on the axis,
that is, rays corresponding to the centre of the image, is trans-
mitted (a), whereas oblique rays constituting the edges of the
image are cut off sharply at one side (b). .

with such a system by employing two lenses with
different focal lengths, say, f; = 50 mm and f, = 60
mm. The magnification is equal to the ratio of the -
focal lengths: N = f/f;. '
Using a reflex camera, it is possible to keep the
image to be photographed in view until immediately
before the exposure. When filming the image, how-
ever, we require a view-finder to view the image con-
tinuously; also there is not very much space for a
viewing system in front of or behind the lens. By
placing a small mirror or prism between the two
objectives, we gather a certain amount of light from

a36!3

Fig. 10. Vlew-ﬁnder for the tandem combmatlon of lenses.
Because prism P is placed in the parallel rays, it does not
intercept much light. Looking through telescope 4B at prism
P, the observer sees the object apparently at infinity.

the image at infinity (fig. 10), enabling it to be
viewed. either with the naked eye or through a small
telescope during the filming of the image. An alter-
native method is to provide the shutter of the film

- camera with a reflecting surface. Such measures have

little effect on the photographic optical system.
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IV. EQUIPMENT FOR SPOT FILM RADIOGRAPHY INCORPORATING AN IMAGE
INTENSIFIER FITTED WITH A PERISCOPE OPTICAL SYSTEM

by H. VERSE *) and H. JENSEN **).

The radiologist, long accustomed to working with
radiographs and a fluorescent screen, is rather at
a loss when first confronted with the picture pro-

vided by an image intensifier. The picture is bright-

er, but its location is unconventional. The relatively
higher luminance of the image enables him to see
that it is green; moreover, his eyes are not dark-

adapted and the subjective contrasts appear quite

621.386.8: 616-073.75:
621.383.8: 535.82

Hamburg '). It is intended to provide the radiolo-
gist with facilities for working either with an ordi-
nary fluorescent screen, or with the image inten-
sifier, and facilities for taking either direct full-size
radiographs, or mianiature fluorographs from the
screen of the intensifier. Also it enables him to place
the subject upright, prone, or in any intermediate

position. The design includes several special features

Fig. 1. Periscope viewing system of the “Miiller”” diagnostic apparatus ZK 100. The cover
of the image intensifier tube, to which the system is attached, is seen on the right, and the
rubber forehead-support with the eyepiece aperture on the left. The black knob in the
bottom right-hand corner is used to deflect the light-rays when required into the camera

immediately above it.

different from those to which he is accustomed. Also,
the relatively small field of view (13.5 em) makes it
more difficult for the radiologist to form an overall
impression of the particular part of the body exam-
ined. Hence he may find that he requires the larger
but fainter field of an ordinary fluorescent screen,
as well as the image intensifier. A diagnostic appa-
ratus specially designed to meet this need has been
built in the X-ray factory of C.H.F. Miiller at

*) C. H. F. Miiller Aktiengesellschaft, Hamburg.
**) Allgemeine Deutsche Philips Industrie G.m.b.H., Hamburg.

and the image intensifier itself is equipped with a
novel viewing optical system to make viewing during

the tilting of the subject as convenient as possible.

Principle of the observation

The viewing optical system (fig.1) is so designed
as to enable the observer to stand aside from the
axis of the beam, that is, from the patient. The
system can be rotated to vary its slant, and thus

') H. Verse and H. Jensen, Ein Untersuchungsgerit mit
Rontgenbildverstiirker, Fortschr. Rontgenstrahlen 79,
115-118, 1953.
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enables the direction of view and the height of the
eyepiece to be adjusted to the eye-level of the doctor
carrying out the examination. From the optical
point of view, the system is an angled, rotatable
microscope with an optical magnification of 10
times, through which the image of the object is
seen restored to its full size. Light rays from the
screen of the intensifier tube

viewing

g image
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of the viewing screen A at
B, which is seen further
magnified, through lens L.

The system is so de-
signed that the section
S-L can be rotated about
the axis of the periscope

(X-X"), thus enabling the

A Fig. 2.

prism P.

(A5 fig. 2) fall upon an objective O, and are then
deflected by a so-called roof prism P along the
lateral axis of the periscope (X-X'). They pass
through an erecting prism Z (see below) and are
then reflected by mirror S towards the eye of the

observer I£. The objective O forms an enlarged image

83634

Schematic cross section of the optical system. The objective O
I forms an image B of the viewing screen A of the image intensifier tube,
£ via the roof prism P, erecting prism Z and mirror S.
observed through a magnifying eyepiece L. Section S-L rotates about
axis X-X’, thus enabling L to be adjusted to eye-level. Knob K turns

Image B is

radiologist to examine the patient in different
the

direction of view and the level of the eyepiece,

yositions, using only one hand to vary
5 g ) b

the other hand remaining free for other adjustments
associated with the examination (fig. 3). The
X-X" makes

about axis

rotation of section S-L

Fig. 3. Using the angled viewing system with the patient in the different positions

employed in certain radiological procedures.
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the erecting prism Z necessary since without this

prism the image would also rotate in the field

of view, and would be seen obliquely, or even
upside down. Hence it would be difficult to 1dent1fy
the observed image at a glance.

The working of the above- mentxoned erectmg prism will
now be described.

It is well known that the image obtained in a plane mirror
is true to mature in all respects apart from the lateral inver-
sion (left-hand and right-hand are reversed). Writing in such
a reflected image is from right to left. However, the top and
hottom do not change places: we do not see our own reﬁecnon
up51de down in a mirror.

~
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Fig. 4. The reflection at mirror I produces a vu'tual image in
the form of “mirror writing™; it is re-converted to legible

" writing by reflection at mirror II.

With two parallel plane mirrors, the reversed image in the
one is again reversed by reflection in the other, so that any
writing in the final image is legible again. The second mirror

“also leaves the top and bottom of the image unchanged

(fig. 4).

However, rotating the second mirror about axis X-X',
as in the periscope already referred to, produces certain undesir-
able effects. Suppose that the second mirror is rotated through
90° (fig. 5). It then fails to restore the image in the first mirror
where L and R are exchanged, to its orginal state; instead, it

l
K5
]
P
i P
a-tndeeoe
Niad ' ] .
Fig.5. To an observer standing with his back to us and lookmg
down at mirror 11, object LBRO is apparently rotated anti-
clockwise through 90° in the field of view.
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affects only the vertical direction (B-0) of the first reflection
and so produces an image in which top and bottom, as well
as left and right, are exchanged. The net result is that the
image is once more legible, but it is rotated in the field of

. view through 90° about the direction of view, assuming, that

is, that the observer keeps the image in sight during the

83637

Fig. 6 Prism as described by J. Taylor (Brit. J. Phot. 14,
348, 1867); it produces three reflections, thus exchanging the
top "and bottom of the i image. If the prism be rotated with an
angular velocity w about direction OB’, the image in the field
of view will rotate with double this angular velocity, i.e. 2w.

rotation of the sccond mirror merely' by bending his head

" forward. (The direction of view as shown in fig. 5 has therefore

turned through 90°.)
‘To compensate for this rotation of the image in the field of

Vview, a prism system Z with three reflecting surfaces is em-

ployed (fig. 6) ?). The number:of reflections being odd, then,
this system (like a single mirror) produces a reversed image.
Now, if the prism is rotated through 90° about the axis of the
light rays, the whole of the image in the field of view rotates
through 180°. Hence the angular velocity of rotation of the
observed image is twice that of the prism 3). To compensate
for the above-mentioned rotation of the image in the periscope
viewing system, the prism must rotate at half the angular
velocity of rotation of the line of sight (E-B).

There is one other point to mention. The image on the
viewing screen of the image intensifier tube is inverted. In
fig. 2, however, B is erect, because the objective (0) also
produces image inversion; two parallel mirrors (S and P)
produce no change, and the image rotation is compensated by
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Fig. 1. Roof prism. The 45° prism inverts the image, that is,
changes direction B-0; it is seen from the bottom right-hand
diagram that a roof prism (two reflecting planes making an
angle of 90°) also reverses the image laterally so that L and R
are exchanged

h’——-p——

~
0

2) See Czapski-Eppenstein, Grundziige der Lehre der Theorie
der. optlschen Instrumente, Barth, Leipzig 1924, 3rd
impression, pages 593- 599.

3) The same effect is obtained as in the rotation of a single
plane mitror viewed at a grazing angle.
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the rotation of the prism. As already explained, however,
the three reflections taking place in prism Z not only rotate,
but also reverse the image. To compensate for this reversal,
a so-called roof prism (fig. 7) is employed at P instead of
a simple prism or mirror. Reflection then takes place not at a
flat surface (which only exchanges L and R), but at two sur-
faces at right angles to each other, forming a kind of trough
. in which B and O are also exchanged. Such a prism produces
an erect, legible image, as will be seen from fig. 7. In principle,
it would also be possible to place the roof prism at S (fig. 2);
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viewing system comprises three individual sectlons

(fig- 8) viz:
1) a section (1) fixed to the image intensifier tube;
it contains the objective O and the roof prism P

.2) a section (2) adjoining section I and rotating

about axis X-X'; it contains magnifying lens
L and mirror S;

3) a section (3) rotating about the same axis
X-X’, but at only half the angular velocity of
section 2; it contains the erecting prism Z.

The necessary coupling between sections 2 and

3 is obtained by means of a planetary gear drive '

4 comprising two toothed rings 5 and 6 (on sec-

tions 1 and 2, respectively) and two bevel gears 7,

whose spindles are carried by section 3.
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\ / J : Fig. 8. Scction of the angled optical system. For the meaning
: \ \ of the letters, sce fig. 2; figures explained in the text.
The design of prism Z involves one or two special
problems which cannot be discussed here %).

however, point P is, preferred as a location for this prism
because in this case the image to be photographed is also the
right way round (see below). '

It will be evident from the above that prism Z is shown in
fig. 2 rotated 90° from its true posmon, this is to give a clearer
view of the situation.

Construqtional details ’ ,

It will be seen from the preceding explanation
of the effect of the erecting prism Z, that when the
eyepiece E is rotated about the axis of the peri-
scope X-X', prism Z must, rotate with it but
at half its angular velocity. Accordingly, the

To screen the eye from disturbing side lights and
for corivenience in looking into the instrument, a
flexible forehead support 8 is provided. It can be
moved on a slide (10 and 11) to enable either eye
to be employed. Moreover, section 9 rotates about
exis E-E', enabling the observer to tilt his head to
any angle. ' .

For the convenience of observers averse to keep-
ing one eye closed, or alternatively staring into
darkness, during an examination, small peep-holes
12) are provided, one on each side of the eyepiece
aperture (E). A lamp- (13) and a green.ﬁlter (14)
behind these peep-holes present to the eye not
employed in the examination, a low-luminance

2

4) H. Jensen, Die Abmessungen von Abbe-Umkehr- und -
Aufrichteprismen, Optik 12, 150-152, 1955 (No. 3).
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field of the same colour as the image in the intensi-
fier 9).

Photographing the image is a very simple matter,

L K

_ J 83640

Fig.9. Top: The apparatus as used with an ordinary fluorescent
screen. Bottom: With the image intensifier positioned in front
of the patient. For the meaning of the letters see fig. 2 and fig. 8.

5) This device was suggested by Prof. H. Schober.
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as will be seen from fig. 1. Another tube at right
angles to the axis of the periscope, contains the
camera (shown on the right in fig. 2). When a
photograph is required, prism P is simply turned
towards the camera C by means of a knob K, thus
deflecting the light from the intensifier through
objective O and another lens D on to the film in
the camera. Since P is a roof prism, this gives an
unreversed image on the film.

The movement of the film and the opening of
the shutter are likewise controlled by knob K; it
also closes an electric contact to switch the X-ray
apparatus from the screening voltage and intensity
to the voltage and intensity required for the photo-
graph. Correct exposure is ensured by an electronic
time switch incorporated in the apparatus; 35-mm
film with a picture-size of 24 % 24 mm is employed
in the camera. The camera is equipped with a
clockwork film-feed to move 55 frames of film
automatically.

The image intensifier itself is mounted on a slide
to enable it to be moved aside to introduce an ordi-
nary fluorescent screen into the X-ray beam (fig.9),
or for the taking of direct radiographs with ordinary
large-size film-casettes as employed in conventional
X-ray diagnostic apparatus. The doctor employing
the apparatus described here is thus provided at all
times with all that he requires for the existing
techniques, and with the means of employing image
intensification; he can thus compare the two in
practice.

V. MEDICAL ASPECTS OF THE IMAGE INTENSIFIER

by J. FEDDEMA *).

In both fluoroscopy and radiography, which may
be considered to form the basis of modern X-ray
diagnosis, the image intensifier will play a very
important part. These two branches of X-ray
diagnosis are discussed separately in the present
article.

Fluoroscopy

In an X-ray examination the patient is exposed
to radiation which is to some extent harmful —
a fact which is, fortunately, now better appreciated

by doctors employing X-radiation for diagnostic

*) Medical Department of N.V. Philips, Eindhoven.

621.386.8: 616-073.75: 621.383.8

examinations. From the quantitative point of view.
fluoroscopy (long exposure at low radiation inten-
sity) produces a very much stronger effect in this
respect than radiography (very short, but intense
exposure). To reduce the dose required in fluoros-
copy as far as possible, the radiologist usually
adapts his eyes to a very low luminance level for
at least 15 minutes, and to preclude any unnecessary
loss of time in re-adapting of the eyes, it is nowa-
days customary to take all cases requiring fluoros-
copic examination one after the other.

In ordinary chest fluoroscopy, involving such
adaptation, an X-ray tube current of 24-5 mA
at 60-70 kV is usually employed to ensure an
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accurate appraisal of the lung structure. Using
the image intensifier, the same result is obtained
at the same voltage, but without Ppreliminary
adaptation and with a current which need not
exceed 0.5 mA. Hence the dose is’ reduced by a
factor of 10. A smaller, but nevertheless appreciable
dose-reduction is obtained in the case of relatively
thicker and more solid subjects (as in lateral fluoros-
copy of the abdominal organs).

Experience has shown that such relatlvely thick
subjects necessitate the use of a scatter grid.

Tests carried out on a “Philite’” phantom, ‘as
designed by Burger 1), for a subject thickness corres-
ponding to that of the human thorax have shown
that, at the same XFray tube voltage, fluoroscopy
with the image intensifier produces roughly the
same contrast-detail perceptibility at 0.1.mA as
ordinary fluoroscopy at 4 mA (see II). A tube
current of 3 mA is enough to bring the perceptibility
of contrast and detail in intensifier fluoroscopy quite
a long way towards the standard attained in ordi-
nary, full-size radiographs. Despite the intensifier,
however, this standard will never be equalled in
fluoroscopy, since the number of X-ray quanta
released during the storage time of the eye (0.1-
- 0.2 sec) is invariably very much smaller than the
number effective in radiography (see II). More-
over, the high gamma of the photographic emulsion
increases the contrast in the radiograph by a factor
of 2} or 3. In fluoroscopy, the actual contrasts are
the same with, as without the intensifier, but with
it they are raised to a very much higher luminance
level. Observers employing the intensifier for the
first time are therefore often disappointed, having
assumed from the fact that the ﬁuorescent image
is seen at virtually the same luminance level as a
radiograph examined in front of an ordinary light
box, that the two must produce very much the
same impression (high contrast).

Photography

The image quality in photography with the image
intensifier is limited not only by the blurring effect
of the two fluorescent screens, but also by the grain
of the film. Since the viewing screen to be photo-
graphed is very bright, fine-grain film of low sensiti-
vity may be employed for single photographs.
It is found that the X-ray intensity required to
take an image intensifier photograph on Kodak
~ “Micro-File” film using a tandem optical system,
each component having an aperture ratio of 1: 1.5,
is only from a half to a quarter of that involved in

‘1) Philips tech. Rev. 11, 291-298, 1949/50.
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" the taking of an ordinary full-size radiograph of

the same subject at the same tube-voltage. Also, the
high contrast and very fine grain in such a 35-mm
photograph results in almost the same information
as a normal radiograph. :

Comparing image intensifier photography with
ordinary screen photography (fluorography)?), we
find that it has a drawback, viz. the small field of
view. On the other hand, it has one or two advan-
tages which should not be underestimated, viz.;
the apparatus is relatively small and easy to handle;

‘adjustments prior to taking photographs are readily

effected by viewing through the intensifier without
any preliminary dark-adaptation; single photographs
can be taken on fine-grain 35-mm film giving high
contrast and therefore excellent picture-quality:
all these advantages are procured with an X-ray
dose at least a factor of 3 smaller than that required
in ordlnary radiography, instead of 3 or 4 tlmes
larger as in fluorography. ‘

Cinematography

To all appearances, cinematography with the
image intensifier will find a great deal of scope in
the future. It is the only method of photographing

‘transient processes in the human body without

risk either to the subject (overdose) or to the X-
ray tube (overloading). For this purpose, a more
sensitive 35-mm film, e.g. Gevaert “Orthoscopix’
or Agfa “Fluorapid”, is employed. Experience
has shown that the dose required to expose a
single photograph on such film is less than 1/10 of
the dose ordinarily employed in radiography: this
at once implies the possibility of cinematography.
Several films taken with the image intensifier
are already available. Equipment for this type of
cinematography is shown in fig. I; for particulars .
see Table I3). .

Table I. Examples of films made with the image intensifier.

1) Deglutition at larynx level, in lateral projection. 80 kV,
10 mA 20 frames/sec, duration 15 seconds. 6 m of film,
with a total dose of roughly 2 r.

2) Film in frontal projection of the bulbus (entmncc of the
duodenum). 120 kV, 11 mA, 8 frames/sec., duration 2
minutes. 20 m of film, with a total dose of 50 r.

3) Micturition. 125 kV, 20 mA, 8 frames/sec., duration 56
sec. 10 m of film, with a total dose of 45 r.

4) Cerebral angiography (examination of blood vessels in the

brain) in lateral projection. 90 kV, 10 mA, 16 frames/sec,

duration 20 sec. 7 m of film, with a total dose smaller

than 5 r.

2) See for example, Philips tech. Rev. 13, 269-281, 1951/52.
3) These experiments were carried out in collaboration with
*J. van der Wal and J. Proper of the Research Laboratorles

at Eindhoven.
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Fig. 1. Apparatus for cinematography with the image intensifier. Right: Viewing system
on the stand of an ordinary diagnostic X-ray installation. The usual fluorescent screen is
replaced by an image intensifier. Left: The film camera, with the film magazine on top;
an eyepiece to view the image during the taking of the film is at extreme left, on the axis

of the camera and image intensifier (see I1T).

Most of these films were made with an X-ray
tube having a 0.3 mm focus, without overloading it.

I'or each of them the distance from focus to screen

Table II. Dose to patient in different methods of gastric radio-
graphy (object thickness 21 c¢m). All exposures with 3-phase
full-wave rectification, 120 kV, 1 mm Al-filter, conventional
scatter grid, focus-screen distance 100 cm.

Method Dose in r
Ordinary radiography . . . . . . . . .. 0.5
Miniature radiography with mirror camera .
a) Single exposures
Gevaert “Ortho Scopix™ . . . . . . 2:5
Same film 2 X magnification . . . . 10
b) Serial exposures on 70-mm film
5 frames per sec for 1 sec. . . . . . 12.5
5 frames per sec for 10 sec. . . . . . 125
¢) Cinematography on 35-mm film
20 frames per sec for 1 sec. . . . . . 35
20 frames per sec for 1 minute . 2000
Image intensifier photography with tandem
lens system
a) Single exposures
Gevaert “Ortho Scopix™ . : 0.05
Kodak “Micro-File” . . . . . . .. 0.75
b) Cinematography on 35-mm film Gevaert
“Ortho Scopix” or Agfa “Fluorapid”,
8 frames per sec for 2 min; overall
length of film 20 m, total number of
frames on film 1000.
Total dose.. . .« &« - « « & & & = & & 50

was 90 cm, since a scatter grid designed for this
distance was employed.

Although it is already evident from this table
that the dose itself is a more or less minor problem
in X-ray cinematography with the image intensi-
this all the
indicating the dose to the subject in different

fier, more evident from Table 11,

methods of gastric radiography.

Methods of diagnostic exmination

To show in how far it is practicable to employ
the image intensifier in the various methods of
diagnostic X-ray examination, a general survey of
these methods will now be given.

Examination of the skeleton and the joints of the limbs

Because of the importance of minor changes in the
bone structure in skeletal examinations, ordinary
radiography is still the only effective method.
Here, then, the image intensifier cannot supersede
the radiograph, although it is very useful in explo-
ratory examination before the actual exposure.
Such

positioning of the object (say, for the projection

visual examination facilitates the correct

of joint spaces and small calcifications). Image
intensifier fluoroscopy is also useful for locating
foreign bodies and for the examination of joints into
which contrast medium, or air, has been injected.
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Again, the image intensifier is ideal for follow-
through examinations to ensure, for example, that
the re-setting of bone fractures, dislocations, etc
has been satisfactory. It is in examinations of this
kind that the danger from radiation has so often
been underestimated, and many a doctor has injured
his fingers or hands in the course of them. The
same applies to the pinning of fractures, that is,
driving a stainless metal pin through the shaft of
a broken bone. It is now possible to make sure, by
a check examination in the operating theatre itself,
that the pin has been driven into the precise position
selected for it this eliminates the often enervating
delay whilst radiographs are developed, and also

cuts down the overall operating time.

“xamination of the spinal column

Although it is now possible to obtain a fairly
accurate impression of possible defects in the spinal
column, especially in the region of the cervical
vertebrae, with the aid of the image intensifier,
the ordinary radiograph is still the obvious choice
for such examinations, at any rate for the time
being, because it enables the bone structure to be
assessed correctly. However, there is scope for the
image intensifier in myelography, in which a cer-
tain amount of contrast medium is injected into
the canal of the spinal cord and any obstructions
preventing the passage of this medium are located
by examining the subject in different positions.
Not only the possibility of working in daylight, but
also the small X-ray dose to the patient is important
in such examinations, since abnormalities of this
kind usually occur in the lumbar region, where the
proximity of the genitals, extremely sensitive to
radiation, necessitates more than ordinarily careful

dose control.

uxamination of the skull

A simple X-ray apparatus may be very valuable
in the consulting room of an ear, nose and throat
specialist, say, as a means of examining an inflam-
mation of the nasal sinuses, visible either by a
swelling of the mucous membrane, or by an accumu-
lation of fluid in the sinuses. The present field of
view of the image intensifier, viz. 13} cm, is ample
to enable such a condition to be diagnosed at a
glance (fig. 2). Also, X-ray cinematography of the
jaw joint may well be useful to the specialist.

Again, cinematography may be employed in
cerebral angiography, that is, studying the circula-
tion in the blood vessels of the brain by injecting

contrast medium into the carotid artery.
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Fig. 2. Reproduction of a still photograph taken with the image
. (=] s ' % =) : -]
intensifier. It shows the nasal sinuses in the upper jaw.

Examination of the digestive organs
:

Because food passes very quickly through the
upper portion of the oesophagus, there has been for
many years now a desire to record the movements of
the
accomplished this in Sweden as ecarly as 1946 by

larynx, ete. cinematographically. Holmgren
means of screen cinematography. However, image
intensifier cinematography offers very much better
opportunities in this respect by enabling a higher
frame frequency to be employed (fig. 3). Since the
passage of food through the lower portion of the
oesophagus, and through the stomach and the small
intestine, is much slower, cinematography of these
regions is not essential; however, image intensifier
screening of these organs is very useful. Films show-
ing the movements of the stomach and intestines are
undoubtedly spectacular, and eminently suitable

for purposes of instruction.

Examination of the kidneys and genitals

A clear view of the kidney and pelves (filled
with contrast medium) and their contractions is
readily obtained by fluoroscopy with the image
intensifier. In retrograde pyelography, in which the
contrast medium is injected through the urinary
the
easily followed.

ducts, above-mentioned movements can be

Cystography usually involves taking single still
yhotographs of the bladder during micturition.
I graj g

Image intensifier cinematography may be employed
g graphy ) ploy

for this purpose in the future. Owing to the proxi-
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mity of the genitals it is necessary to employ only
a very small dose of radiation in this examination.
This is also the case in hysterosalpingography in
which contrast medium is injected into the uterus,
usually to ascertain whether the oviducts are clear
of obstruction. The insertion and manipulation of

instruments can invariably be observed in daylight.

VOL. 17, No. 3

cluded, at any rate for the time being, by its small
field of view. However, the intensifier may well be
employed for exploratory examinations of individual
subjects; it also deserves consideration as a means of
examining local disorders, in view of the high
contrast-detail perception in the image. Shadow-

producing foreign bodies in the respiratory system

Fig. 3. Gastric cinematography. Left: Part of the film strip. Right: Enlargement of one
frame in this strip.

X-ray examination during pregnancy should be
kept to a minimum: it is necessary only in some cases
during the final weeks, to show the position of the
foetus or

pelvic anomalies, ete. Here, ordinary

radiography is still the best method.

Examination of the lungs and respiratory passages

In serial chest-fluoroscopy the time required for
adaptation is virtually immaterial; the use of the

image intensifier for this purpose is therefore pre-

are readily located; moreover, image intensifier
fluoroscopy is ideal as a means of observing the
position of such objects in relation to the instruments

inserted to remove them.

Examination of the heart

In heart-catheterisation,
the

insertion of the catheter,

the image intensifier

the
takes
a very long time, to be reduced considerably.

enables X-ray dose employed during

which sometimes
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Cinematography merits consideration as a means of
examining highly localised disorders of the heart
and adjacent blood vessels.

Whereas the field of view is not large enough to
permit of a total examination of the heart in adults,
the study of the heart function in children by means
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of the intensifier has already produced some remark-
able results.

Although this summary is by no means complete,
the examples given in it show clearly enough the
potentialities of the X-ray image intensifier as an
aid to medical diagnosis.

VI. INDUSTRIAL RADIOLOGY WITH THE IMAGE INTENSIFIER

by G. LANG *) and R.

Industrial radiology is now a widely used method
for examining materials; in fact, it is one of the
most important and reliable of the non-destructive
methods of inspection. In the light metals industry,
for example, X-rays are employed on a large scale
for examining castings for defects fluoroscopically.
The relatively low absorptive power of light metal
alloys enables X-ray shadow pictures of adequate
luminance to be obtained. With an X-ray tube of
small focus (e.g. 0.4 % 0.4 mm) an enlarged shadow
image can be projected '), giving unusually good
detail-perception.

The situation with regard to the examination of
steel, however, is less favourable. The welding of
parts normally subjected to heavy loads, for exam-
ple, parts of boilers, tanks, bridges, ships, etc.,
usually rests upon a reliable, non-destructive method
of inspection enabling the quality of the welds to
be properly assessed. Because of the high absorptive
power of the iron, however, steel contructional ele-
ments cannot usually be examined fluoroscopically;
such X-ray shadow pictures are very faint and can
therefore be observed only in a darkened room after
the eyes have been thoroughly dark-adapted. In
many cases, where the particular constructional
elements are either too large or too heavy to be
conveyed to a screening room, fluoroscopic exami-
nation is out of the question for this reason alone.
Moreover, fluorescent images of steel parts afford
only limited perceptibility of detail; to ensure ade-
quate screen luminance it is necessary to employ
thick, coarse-grained fluorescent screens and also
high-powered X-ray tubes which preclude all possib-
ility of a small focus. In practice, then, steel is suitable
for fluoroscopic examination only if not more than 6
or 8 mm thick. Since in most welded constructions
the material to be examined is very much thicker,

*) C. H. F. Miiller Aktiengesellschaft, Hamburg.

1) See G. C. E. Burger, B. Combée and J. H. van der Tuuk,
X-ray fluoroscopy with enlarged image, Philips tech.
Rev. 8, 321-329, 1946.

0. SCHUMACHER *).  620.179.1: 621.386.8: 621.303.8
it has hitherto been impossible to make such X-ray
examinations other than by the photographic me-
thod, which, however, is time-consuming and

expensive.

Fig. 1. Industrial radiology equipment using the image inten-
sifier, for experiments and demonstrations. Note the beam
exit aperture of the X-ray tube, radiating vertically upwards,
behind the lead glass window. Above it is the work to be
examined, in this case a welded Y-joint.. The image intensifier,
mounted in a box on top of the apparatus, is provided with
an angled optical system. The two handles seen on the left
of the apparatus, are manipulated by the observer to locate
the work as required.
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It will be evident that the appreciable increase in
luminance given by means of the image intensifier
reduces or even eliminates the above-mentioned
objections to the use of fluoroscopy for examining
steel. X-ray examination as applied to industrial
production has thus acquired new possibilities,
which have been investigated in the application
laboratory of C.H.F. Miiller in Hamburg. A brief
account of the results of this investigation will
now be given ?).

Fig. 2.

system is a binocular microscope.

The experimental installations employed in the
investigation are shown in fig. I and fig. 2: the one
incorporates an angled optical system as described
in article IV of this series, and the other a binocular
microscope (see article IIT). We consider a binocu-
lar system most suitable for the examination of
materials because over long working periods it is
less fatiguing to view with both eyes than with one.
Defects revealed by fluoroscopy can be photograph-
ed for more accurate appraisal, or for test records,

2) See R. Lang, Rontgendurchleuchtungseinrichtung mit
Bildverstirker, Energie und Technik 5, 163, 1954 (July).
The arrangement described in this article, as shown in
fig. 1, was demonstrated at various exhibitions last year.

Investigations into the examination of materials with
the X-ray image intensifier have also been carried out in
the laboratories of the Philips factories at Balham (Eng-
land); see A. Nemet and W. F. Cox, Intensification of the
X-ray image in industrial radiology, to be published in

Proc. Instn. Electr. Engrs. A 103, 1956.
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either direct from the viewing screen of the image
intensifier by means of a camera attached to the
viewing system, or in the usual way on film or
X-ray paper in a casette exposed in front of the
intensifier.

The experiments described here were carried out
on steel plates and tubes of different thicknesses.
A measure of the possible detail-perception was
obtained by means of the DIN test objects employed
in ordinary radiography; such a test object (pene-

{ Mol mo 150

Viewing equipment with built-in image intensifier. Here, the viewing optical

trameter), secured to the side of the object facing
the X-ray tube, contains a series of wires of pro-
gressively increasing thickness, of the same material
as the work being examined. If the diameter of the
thinnest wire just discernible by the observer is,
say, 3%, of the thickness of the material screened,
then it is said that the wire-sensitivity is 39, which
is taken as an indication of the image quality ?).
Curves showing the image quality so determined,
plotted against the material thickness, are shown
in fig. 3. X-ray tube voltages between 80 kV (for
steel roughly 2 mm thick) and 150 kV (for steel
3) The wire-sensitivity is not an exact measure of the lateral
dimensions of the smallest perceptible defect, since they
are also governed by the shape and nature of the defect
(gas occlusions, slag, cracks, and so on). Similarly, in
comparing the fluoroscopic and photographic methods
for image quality, the wire-resolution can be taken only

as a rough indication, since conditions vary considerably
between different observations.
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roughly 20 mm thick) were employed in the 6bserv-
ations; the viewing was carried out in daylight.
A 0.4 X 04 mm focus was employed.

The increase in the smallest perceptible wire
diameter with the thickness of the material screened
is not proportional to the latter, but more gradual

83698
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Fig. 3. Wire-sensitivity (in 9, of thickness of object) in the
fluoroscopy of steel with an X-ray image intensifier, plotted
against the thickness of the material (in mm). Tube voltage
80 to 150 kV, distance between focus and intensifier 50 cm,
size of focus 0.4 X 0.4 mm. Enlarged X-ray shadow picture
projection: the magnifications associated with curves 1, 2 and
3 are 1.2, 1.6 and 2.2, respectively. .

(in curve 1, for example, this diameter is 0.3 mm
for 4 mm Fe, and increases only to 0.8 mm for 20
mm Fe). The consequent improvement in image
quality, expressed as a percentage, with increasing
material thickness, as demonstrated in fig. 3, is
analogous to what is found in ordinary fluoroscopy*).
Experience has shown that for materials thicker
than 10 mm, the most important in practice, the
wire-sensitivity attainable with the image inten-
sifier is 3%,. This may be compared with direct
examination with an ordinary fluorescent screen
(which, as we have already seen, is possible only
in the dark and with steel not thicker than 8 mm,
and imposes a very much heavier voltage and power
load on the X-ray tube), in which the wire-sensiti-
vity is at best 69,.

The wire-sensitivity of 3%, obtained in fluoros-
copy with the image intensifier is ample for most
purposes. Even better image quality, to roughly
1%, is obtained in photographic X-ray examination.
In many cases, however, such a high degree of
m‘ect is attributable to the fact that the geometrical

blurring and the blurring of the image caused by the fluor-

escent screen, which impose a limit on the wire-resolution
in the case of thin wires (thin walls), do so less noticeably
with thick wires (thick walls). Although the amount of

X-radiation scattered in the material increases at the same

time, thus reducing the contrast, the first-mentioned factor
evidently predominates.
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detail-perceptibility is unnecessary, and in such
cases X-ray examination has hitherto been dispens-
ed with in view of the above-mentioned disadvan-
tages of the photographic method. It is probable
that the simplicity and efficiency of fluoroscopy
with the image intensifier will now cause this method
tobe adopted also in the steel industry. An additional
feature of such fluoroscopy is that by virtue of
the relatively low X-ray intensities employed, one
or two simple precautions are sufficient to ensure
that the operators are fully protected against radia-
tion hazard. . . , T

The above-mentioned results are valid for a
normal distance between focus -and intensifier,
e.g. 50 cm. This relatively long distance -enables an
enlarged X-ray shadow picture to be projected;
the advantage of such projection, long employed
in the radiology of light metals, is demonstrated
by curves 2 and 3 of fig. 3. In the screening of rela-
tively. thicker materials, -the quality of the image
may be likewise improved by reducing the focus-to-
intensifier distance, and so increasing the luminance
of the screen (placing the intensifier near the ob-
ject instead of projecting an enlarged image). Re-
ducing this distance to roughly 20 cm (a closer ap-
proach to the focus is impossible owing to the shield
round the X-ray tube) enables steel up to 30 mm
thick to be screened, with an image quality of
roughly 3%, Tests at the same distance with a
larger focus and higher tube power have shown
that it is even possible to screen steel 40 nm thick,
although the image quality then deteriorates to
some extent.

It is necessary to take steps to emsure that no
unfiltered, primary radiation strikes the fluorescent
screen of the image intensifier, since the dazzling
brightness produced by such radiation at some points
on the viewing screen and the associated afterglow
impair the overall image quality.

When thick steel is examined a slightly unsteady
image is obtained (“noise’), owing to the fact that
by selective absorption in the steel, the X-rays are
attenuated and only the shorter wavelengths remain;
hence the image is built up from only a small num-
ber of large quanta (see article II). This effect does
not seriously affect the image quality, however.

To conclude this brief article one or two cases
from practical experience in the radiology of steel
with the image intensifier will now be discussed.

To our knowledge, the image intensifier was
first employed industrially to determine the level.
of liquid in steel bottles; with a tube voltage of
130 kV and a tube current of 6 mA, it is possible
to observe the liquid level direct on the viewing
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screen of the image intensifier in daylight. The
overall thickness of material thus viewed was 6
mm, but laboratory tests have shown that the same
process can be applied to steel bottles with a wall-
thickness of 6 mm, i.e. an overall steel thickness
of 12 mm.

Another promising application of the image
intensifier is in the inspection of bearings. Fig. 4
shows a fluorograph (on miniature film) of a defect,
detected visually with the aid of the image intensi-
fier, in a bearing 13 mm thick. Fig. 5 (likewise on
miniature film) shows defects similarly detected in
a welded seam in sheet steel 15 mm thick. In accor-
dance with expectation (see article IT of this series),
the quality of these miniature photographs is better
than that of the visual image referred to in fig. 3.

It is also possible to foresee important uses for
fluoroscopy with the X-ray image intensifier in the
inspection of pipes with welded longitudinal seams,

as employed in long distance gas and water mains

83770

Fig. 4. Photograph made with the image intensifier of one half
of a bearing block: the radiation penetrated 10 mm of steel
plus 3 mm of bearing bronze. The segregation of lead can be
cleasly seen. Tube data: 150 kV, 3 mA; focus 0.4 % 0.4 mm.
Exposure 20 seconds.
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and oil pipe lines. In these mass-produced pipes
we have a typical example of inspection being dis-
pensed with altogether hitherto, because photo-
graphic X-ray examination was too expensive. A

possible arrangement for screening such pipes,

83771

Fig. 5. Welded seam in steel sheet 15 mm thick, photographed
with the image intensifier. Note the faultsin the seam, and the
shadow of the DIN test-object placed in front of the plate.
X-ray tube data: 140 kV, 3 mA; focus 0.4 x 0.4 mm. Expo-
sure 15 seconds.

generally between 8 and 10 metres long, is as
follows. The X-ray tube is secured to a long
arm inserted into the pipe and radiates outwards
through the welded seam towards the image inten-
sifier. The pipe is moved parallel to its axis in such
a way that the seam remains between the stutinnary
intensifier and the X-ray tube. Employing such an
arrangement it is possible to work comfortably
with a distance of no more than 20 cm between
focus and image intensifier. Provisional tests have
shown that seams can be examined continuously
at the rate of roughly 5 em per second.

A similar method could be employed to examine
longitudinally welded steel girders,

Summary I-VI. The first of the articles (I) in this series on the
application of the X-ray image intensifier deals with the actual
operation of the intensifier tube. In this tube, the luminance
of the X-ray shadow picture on the fluorescent screen is inten-
sified between 800 and 1200 times. This luminance intensifi -
cation may be employed both to give better viewing conditions
for the eye and to reduce the required X-ray intensity. As
explained in article II, however, it is not advisable to reduce
the intensity too far, since undue reduction causes the fluctua-
tions in the number of X-ray quanta to become visible, which
affects the observation of detail. By a quantitative comparison
of fluoroscopy, with and without the image intensifier, direct
radiography, fluorography, and photography with the image
intensifier, it is shown that under practical conditions, say,
in fluoroscopy, the perception of detail is governed almost
entirely by the fluctuations, whereas in direct radiography and
image intensifier photography on fine-grain film this is not
the case.

Article ITI discusses the various optical devices which can
be employed to enlarge the reduced image on the screen of the
image intensifier tube without any appreciable loss of luminance
to the observer; optical systems for photography and cinema-
tography are also discussed. Detailed descriptions are given of
the following: a binocular microscope for fluoroscopy; an angled
microscope with a large exit pupil readily located by means
of a movable, frosted glass viewing plate; a tandem lens system
comprising two conventional fast photographic objectives, for
photographing the small viewing screen (15 mm in diameter)
of the image intensifier on miniature film. Article IV describes
an angled viewing optical system enabling the intensifier to
be used for X-ray diagnosis with an ordinary, universal
examination table. Here, a rotatable eyepiece enables the
radiologist to observe the X-ray image in a normal position,
and without any image-rotation when tilting the patient.

Finally, the practical application of the intensifier is discussed
in the last two articles (V, VI). It is shown that the limited
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field of view of the tube is not necessarily a handicap either in
medical examinations or in industrial radiology. As regards
medical applications, article V contains a survey of the parts
of the body and organic functions the examination of which is
facilitated by the use of the image intensifier. Points emphasiz-
ed are the value of the intensifier in examinations involving
the use of contrast media, and the development of X-ray
cinematography, whose practical possibilities can be fully
explmted only with the aid of the intensifier. The artlcle con-
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tains one or two examples of X-ray films already made, in-
cluding one of the duodenum; the subject dose employcd in
the taking of this 2-minute film (roughly 1000 frames) is only
50 r. An investigation into the industrial possibilities of the .
image intensifier (article VI) shows, amongst other things,
that steel constructional elements 20 mm thick can be exa-
mined readily in daylight, the smallest perceptible detail then
being 39, of the material thickness. Where the detail is larger,
it is even possible to examine steelwork 40 mm thick.

A TECHNIQUE FOR MACHINING TUNGSTEN

by R. LEVI *).

669.276

Developed primarily for the manufacture of “dispenser’”

type cathodes, the technique for

machining tungsten described in this article may well prove valuable for other applications

. of tungsten metal.

Tungsten metal plays an all-important part as
filament material in incandescent lamps because of
its very high melting point (about 3400 °C) and its
low vapour pressure and high strength at elevated
temperatures. For similar and other reasoms, the
metal is extensively used in X-ray tubes, both for

anodes and cathodes, and for relay contacts, etc.:

Undoubtedly its physical properties would make
tungsten ideally suited for many more applications
in the laboratory and in industry, but its potential
usefulness has been limited by its almost complete
lack of machinability; pure tungsten is very hard
and brittle at normal temperatures so that it is

virtually impossible by normal methods to fabricate.

tungsten parts of intricate shapes and close toler-
ances.

A new technique, developed in the Philips Labora-
tories at Irvington during recent years and to be
described in this article, has opened a new approach
to this problem and holds good promise for future
' applications of tungsten.

When it was first attempted to use tungsten for
incandescent lamp filaments, the very fact of its high
melting point necessitated the application of unusual
manufacturing methods (powder metallurgy). The

. present-day technique for making tungsten filaments.

may be briefly summarized as follows ). Tungsten
powder of a suitable _grain-size distribution
and other characteristics, obtained by chemical
processes, is pressed into bars at a pressure of 6-25
tons per square inch (1000-4000 kg/cm?) and heated
*) Philips Laboratories, Irvington-on-Hudson, N.Y., U.S.A.
1) C.J. Smithells, Tungsten, Chapman & Hall, London 1945,
2nd ed.; see also J. D. Fast, The preparation of metals in

a compact form by pressing and sintering, Philips tech. .
Rev. 4, 309-316, 1939.

.
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in an oven to a temperature of say 1100 °C. Under
such treatment (pre-sintering) the metal grains are
bonded together to a certain extent and the bars
acquire sufficient strength to permit subsequent’
handling in the sintering process proper. This
consists in heating the pre-sintered bars in a
hydrogen atmosphere by an electric current to a
temperature of about 3000 °C. Sintering of the
tungsten metal grains under these conditions occurs
to such an extent that the.density of the material,
which in the pre-sintered bars may have been about
559%, of the value for solid tungsten, may rise to
more than 909,. The density of the sintered bars
is further increased by passing them a number of
times in a hot state through a hammering or swag-
ing machine. This process results in rods a few milli-
meters in diameter which, in the hot state, are suffi-
ciently ductile for drawing into wire. Tungsten wire
of diameter 1 mm down to 0.01 mm or even less
is currently produced in this way, and coiled for
filaments.

Apart from this highly developed and mechanized
technique of drawing tungsten wire, machining
possibilities for the very -hard sintered tungsten
ingots (or rods and sheets obtained from them) at
normal temperatures are restricted to grinding and
slicing by means of silicon carbide cut-off wheels 2).

_ Such a procedure can obviously be useful only for

simple parts of convenient dimensions. Attempts to
form the parts before the final sintering operation,
either by pressing the tungsten powder in a die or
by machining pre-sintered bars (density about 55%,)
have not been very successful. Machining of the

2) For hot machining methods see D. White and J. J. Aust,
Materials and Methods 27, 81, 1948.
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very porous pre-sintered bars does not yield smooth
surfaces since the particles are torn out in clusters
rather than cut. Moreover, considerable shrinkage
and warping generally occur during the final sinter-
ing process, making it very difficult to attain the
required shape and dimensions.

The technique to be dealt with in this article ?)
was specially developed for applications of tungsten
in which a certain accurately controlled porosity
of the metal is an essential condition, viz., the
Philips “dispenser” cathodes (the L-cathode, de-
scribed in this Review some years ago?), and its more
recent “impregnated” version which will be described
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or high speed steel tools. Finally the infiltrant is
removed by volatilization and a precisely machined
pure tungsten part is thus obtained, with porosity
restored to the exact value established during the
sintering operation.

Fig.
part in various stages of the process. Copper was

I illustrates the appearance of a tungsten

used as the infiltrant in this case. Owing to subse-
quent oxidation of the copper at the surface, the
machined part will exhibit only a slight difference
in colour before and after volatilization; these two
stages therefore are nmot shown separately in the
photograph.

ﬂéﬂLﬂlﬂ"ﬂng‘lﬂl‘”gpﬂqmymWWﬂ

Fig. 1. Steps in machining a tungsten part according to the new method. From bottom to
top: Pre-sintered tungsten bar (density 559 of the value for solid tungsten); tungsten bar
sintered to the required density (839)); sintered tungsten bar after impregnation with cop-
per: part machined by normal operations from the impregnated bar. The copper is volatil-
ized after machining; this process does not affect the dimensions and restores the density

precisely to its original value of 83°.

in these pages shortly )). Basically the technique

consists in the following steps. A porous ingot of

tungsten already sintered to the required degree is
first infiltrated with a suitable molten metal which
does not react with the tungsten in any way. The
impregnated tungsten body can then be machined

at normal temperatures with conventional carbide

3) R. Levi, U.S. Patent No. 2 669 008, Feb. 16, 1954. See also
R. Levi, The machining of tungsten and its application
in the fabrication of Philips dispenser cathodes, Convention
record of the I.LR.E. 1954 National Convention, part 3,
70-73.

%) H. J. Lemmens, M. J. Jansen and R. Loosjes, A new
thermionic cathode for heavy loads, Philips tech. Rev.
11, 341-350, 1949/50.

5) R.Levi, J. appl. Phys. 24, 233, 1953; Le Vide 9, 284-289,
Nov. 1954; J. appl. Phys. 26, 639, 1955 (May).

It should be pointed out that the infiltration of
porous tungsten bodies with metals such as copper
or silver has been known for many years and has
been applied for making spot-welding electrodes
and certain types of electrical relay contacts. Such
contacts must primarily possess a good electrical
conductivity, the imbued copper or silver contri-
buting to this end, while the role of the tungsten is
to prevent the contact from sticking or being
welded together by the effect of arcing. The purpose
of the infiltration in our case being quite different,
the requirements to be met will obviously be quite
different too. This is seen most clearly in the
selection of the infiltrating metal. In both cases
the molten infiltrant must satisfy the condition of
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wetting the tungsten and of penetrating the porous
body by capillary action. For the machining techni-
que, however, the additional requirement must be
met that the infiltrant and tungsten should be
mutually insoluble either below or above the melting
point of the infiltrant. Moreover, the infiltrant
should act not only as a “filler”” but also as a lubri-
cant during the machining operation, this combined
action preventing the tearing out of particles as well
as burnishing and high tool wear which would other-
wise occur.

Gold, copper and alloys of the two in all proportions
appear to conform best to the above 1‘('quirem(’nt:«‘.
The cost factor should not prevent the use of gold,
since the latter when removed by volatilization can
be recovered. Silver, on the contrary, is not a very
satisfactory infiltrating material in our case since
tungsten shows a slight solubility in molten silver.
The reprecipitation of tungsten onto the larger
grains which takes place upon cooling changes some-
what the value and the character of the porosity
attained during the initial sintering operation.

When using copper, the impregnation is carried
out at about 1350 “C ), for a period of not less than
10 minutes in the case of ingots 3/ x 3/,""; larger
ingots require a longer impregnating time. It is
important to “fill”” the ingot completely: if a small
portion of it is not properly infiltrated, breakage of
the tungsten or of the tool may result. In order to
ensure proper filling, the ingot is placed on top of
a weighed amount of copper (OFHC), slightly in
excess of the amount which will be necessary; the
weighed amount will be 8-10 9, of the weight of the
tungsten when the porosity is 83-849,. The infiltra-
tion is carried out in a hydrogen atmosphere and
the temperature is first slowly raised to a point
below the melting point of the impregnant and held
there a few minutes to permit the interior of the
ingot to attain the same temperature as the surface.
When the temperature is finally raised to 1350 °C
the molten copper will penetrate the tungsten body
from the bottom by capillary action, this process
being facilitated by the fluxing action of the
hydrogen.

No tungsten grains can be detected under micro-
scopic examination of a freshly machined surface,
since a thin copper film has been smeared over the
entire area. If the copper film is chemically removed
from the machined surface, the smoothness and
flatness of the grains indicate that they have actually
been cut by the tool and not merely torn out.

%) All temperatures indicated for our process are brightness
temperatures measured by sighting on the tungsten.
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The volatilization of the copper is effected by
heating the machined parts in a vacuum furnace
at 1800-1900 °C for a sufficient time. The resulting
parts under spectroscopic examination show only
an extremely faint trace of copper. In order that
the machined parts will retain dimensional stability
and proper porosity during the volatilization ( fig. 2),
it is essential that the sintering of the tungsten frame
prior to the infiltration was conducted for a suffi-
cient length of time at a temperature considerably
higher than that necessary for the subsequent
evaporation of the copper (and, of course, higher
than the temperatures at which the parts will
further be treated or used). Since the proper sinter-
ing temperature depends to a large extent on the
characteristics of the tungsten powder, on the
pressure used in forming the bars and on the sinter-
ing atmosphere (e.g. its water vapour content), all
these factors have to be carefully selected. An
example of the technique as developed for the dis-
penser cathodes ?), is the following. Tungsten powder

Fig. 2. Photomicrograph showing a polished section of the
tungsten surface after the volatilization of the copper. The
average pore size is of the order of a few microns, the pore
separaiion varying between a few microns and a few tens of
microns. (Such small pore distances are desirable for the surface
of dispenser cathodes 7).)

) This will be shown in a forthcoming publication by E. S.
Rittner and R. H. Ahlert of the Irvington Laboratories.
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Fig. 3. A number of tungsten parts made by the new technique.

with the characteristics shown in Table I is pressed
into bars at 2000 kg/cm?. After pre-sintering for
20 minutes at 1150 °C, the ingots are sintered for
20 minutes more at 2400 °C in a water-free reducing
atmosphere (cracked anhydrous ammonia). The
density of the ingot then reaches a value of 83-849,
of the solid tungsten value.

Normal machining operations on the infiltrated
ingots can be carried out with relative ease at
densities up to about this value. Increases in density
above this value will make the machining progres-

sively more difficult because of a rapid increase in

Table I. Grain size distribution of tungsten powder which in
the case described as an example was used for machining parts
of 839, density. The distribution is determined by a standardiz-
ed elutriation analysis, passing an elutrient (water) over the
powder sample a through and number of widening vessels, in
which fractions of the powder are deposited. In the first,
narrow vessels, where flow is rapid, chiefly large grains are
deposited; smaller particles settle in the subsequent, wider
vessels.

o, settled ! Equivalent

Fraction No. : :
| particle radius

1 29 > 6
2 25
3 11
4 13
) 22 <2u

Another check on the powder characteristics is obtained from
the Scott test, in which the density of the powder is measured
after shaking for some time in a vessel. In our case this Scott
density is about 68.4 gram/cubic inch (4.1 g/em®).

the percentage of non-connecting pores which can-
not be infiltrated. This will actually limit the appli-
cation of the technique described to tungsten parts
of density slightly less than 909,.

It has been mentioned that the application to
dispenser cathodes depends on the very porosity of
the tungsten (a high percentage of the pores must
also interconnect in this case). A number of other
applications of tungsten may be conceived for which
the porosity of the metal does not matter, while the
ease of making intricate forms (see fig. 3), the
smoothness of the surface and the close dimensional
tolerances achievable by the new technique are of
importance. An additional asset of this technique is
that it allows fabrication of extremely fine parts
which
could not previously be made either by pressingin a

even when disregarding tolerances etc. —

die or by machining a pre-sintered ingot, because
of the inherent weakness of the material in this
stage.

Summary. Pure tungsten metal obtained by the well-known
sintering process is extremely hard and brittle at normal
temperatures, so that machining possibilities are very limited.
It has been found that porous tungsten, of density up to 909,
of the value for solid tungsten, can be accurately machined by
normal methods and at normal temperatures when the tung-
sten body is infiltrated with suitable metals, such as copper or
gold. After machining, the filling metal, which also acts as a
lubricant, is removed by evaporation. No shrinkage or warping
of the machined parts is to be feared provided that the
tungsten ingot prior to machining was sintered to the required
degree at a temperature higher than that to which the tungsten
part is subjected during evaporation of the filler or in sub-
sequent use. Intricate parts of different sizes, including very
small ones, can be made in this way to close dimensional
tolerances.
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by J..L. OOMS *).

THE RECORDING AND PRODUCTION OF GRAMOPHONE RECORDS

. 681.854:621.395.625.3

Philips’ Phonographic Industries are a comparatively young branch of the Philips’ concern.
They are engaged in the manufacture of gramophone records, both of the old, fast-running type
(78 r.p.m.) and of the modern, long-playing records. The latter type, particularly, havereached’
a very high quality of reproduction. An essential factor in the manufacturing process, as ex-

plained below, is magnetic sound-recording.

Three stages can be distinguished in the manu-
facture of gramophone records : the actual recording,
the preparation of the matrix from the recording
and, finally, the actual mass-production — the
pressing of records. These three stages will bé
discussed in turn.

Recording
The siudio

- The quality of reproduction of a gramophone-
record is very largely dependent upon the acoustical
properties of the recording studio. Acoustical imper-
fections during a musical performance attract far
more attention when there is no visual contact, as
is the case with gramophone music, than when the
music is listened to directly. As is well known from
broadcasting and allied activities, it is very diffi-
cult — if not impossible — to take all the necessary
measures to guarantee good acoustical properties
during the actual construction of a studio. Added
to this, the conditions vary with the extent to which

~the hall is occupied, so that in recording for gramo-
phone records (when there is mot, as a rule, an
. audience), the sound-pictures are often totally
different from those produced during a performance
before an audience. For example, in the absence of
an audience the reverberation time of high sound-
frequencies will be longer. The liberal use of cur-
“tains to replace the ‘acoustical properties of the
audience’s clothing is customary: Measures must

*) Philips Phonographic Industrics, Baarn, Netherlands,

likewise be taken to suppress undesirable resonance
phenomena of the studio, especially of the floor
and platform. A sound-picture distorted by this
kind of phenomena will interfere but little during
direct listening to a performance, since it occurs
only sporadically; however, in a gramophone re-
cord, finding its way to the public in many thousands
of copies, this fault will be multiplied, as it were, by
the number of copies sold and by the number of
times that each record is played.

Clearly, precautions must be taken to make the
acoustics during the recording as favourable as
possible. In view of the fact that this may involve
costly alterations to convert a hall into a recording
studio, it is understandable that gramophone record
manufacturing companies are ever on the look-out
for halls which already possess most of the desired.
properties. This explains why different companies
sometimes make their recordings in the same hall.

The above remarks apply to records of serious
music. Dance music and other types of popular
entertainment require quite different conditions.
Usually a hall with a very short reverberation time
(a so-called “dry” room) is employed for this kind
of music, the desired reverberation being added
electronically. Use is made here either of a “rever-
beration chamber’” or a “reverberation channel”,
using magnetic recording. This brings us to the field
of trick effects, which especially in recent years has
found wide application in the recording of modern
popular music. Electrical and acoustical “décor’
are also included under this heading. With these

AT T TR TRTERETS A TTY T 8
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techniques it is possible to make records which will
reproduce a sound-picture that the artistes them-
selves could mever achieve in a live performance.

“Electrical décor” consists of a signal which is directly
mixed by electrical means with the signal to be recorded. In
“acoustical décor” the mixing is brought about indirectly,
via an acoustic link (loudspeaker in the studio). The signals
for both eclectrical and acoustical décor are usually derived
from a recording which was prepared beforehand; acoustical
décor, however, can be reproduced (often in a special studio)
while the actual recording is in progress.

The microphones

The quest for ever-better quality has led to the
almost exclusive adoption of condenser-micro-
phones 1). The latter may be classified according to
their directional response into multl-dlrecuonal
bi-directional and uni-directional “types (with
roughly circular, figure-eight shaped or cardioid
polar diagrams respectively). These types are var-
iously used to counter the acoustical shortcomings
of the hall, in the attempt to give the listener the
same complete impression of what is offered, al-
though he has no visual contact with the performers.
In other words, the sound'-picture recorded. on a
gramophone record, should not be merely as faith-
ful a replica as possible of the performance, but
should accentuate certain points so that the listener
may find the result satisfying.

For the same reason a number of microphones
are sometimes used simultaneously: by mixing, it
is sought to improve the sound-picture. There is
also the danger of augmenting undesirable effects
however; recording with two or more microphones
is therefore entrusted only to experts with consider-
able experience in this field. Itis also often necessary
to correct the sound-picture with respect to the
frequency, so that the most favourable final balance
is obtained over the' whole frequency range. In
general these corrections consist of slow variations
in amplification with frequency, but in recent years
it has also been the practice to carry out corrections
within a relatively narrow range of frequencies.

Magnetic recording

The sound-picture balanced in the manner des-

cribed above, is nowadays recorded first on magnetic

tape 2). The prosperity of the gramophone record
industry in latter years is founded upon the develop-

1) See Philips tech. Rev. 9, 330-338, 1947/48.

2) See, for example: D. A. Snel, Magnetic sound recording
equipment, Philips tech. Rev. 14, 181-190, 1952/53;
W. K. Westmijze, The principle of the magnetic recording
and reproduction of sound, Philips tech. Rev. 15, 84-96,
1953/54; W. K. Westmijze, Studies on magnetic rccordmg,
Philips Res. Rep. 8, 148-157, 161-183, 245-269, 343 3606,
1953.
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ment of the long-playing record ?), and it would be no
exaggeration to say that without magnetic recording,

" its rapid fruition would have been impossible.

Earlier recordings were made by a process of
direct engraving — first on a wax disc and later on
a lacquer disc. The subsequent manipulations in
the manufacturing process allowed only a relatively
small number of pressings to be made, so that the
record was doomed to removal from the catalogue
after only a few years. The situation is completely
different when a recording is made on magnetic
tape. From a tape-recording a practically unlimited
number of new matrices can be prepared as soon as
those in use are in danger of showing signs of wear.

Magnetic recording has a further inportant advan-
tage. Even the best musicians are unable in general
to play.faultlessly for longer than some 10 minutés;
a period of 15 to 20 minutes would be very exceptio-
nal. That there should be faults during performances
of longer works is something which concert audien-
ces accept as perfectly normal; usually minor errors
are forgotten at once. When recording for gramo-
phone records, however, faults are not acceptable,
on account of the enormous multiplication factor
referred to above; once the gramophone listener
has noticed a fault, it will annoy him more and more
intensely each time he plays the record.

To obtain two acceptable lacquer discs by a
direct engraving process (at least two discs are
necessary, one being a reserve), it was often necess-
ary for long passages of the music to be re-recorded
several times, since none of the playing faults could
be corrected on the disc. Magnetic recording has an
enormous advantage over this method, in that it
allows the recording to be edited, i.e. spliced together
in sections. Advantage is taken of this for the repe-
tition of any passage in which a fault has been made,
the repetition being subsequently fitted into the
recording. In this way, flawless, magnetic recordings
with a playing time of about half an hour can be
obtained, this being of the greatest significance for
the manufacture of long playing records.

Because of the risk that the recording might be
spoiled be coughing and other noises, the public
are not usually admitted into the hall during the
recording; in any case, the repetitions of parts of
the performance would of course greatly reduce its
entertainment value 4).

3) See for example, L. Alons, New developments in the gramo-
phone world, Philips tech. Rey. 13, 134-144, 1951/52.

1) The only exceptions are historical occasions or perform-
ances of unique occurrence, the recordings of which are
principally of documentary value. The circumstances under
which such a record has been madc, are usually reported
on the label of the record. ) '
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In view of the fact that a gramophone record is

actually derived not from the sound-picture direct
but from the magnetic recording of the sound-pic-
ture, the very highest quality is' necessary for the
magnetic recording. Linear and non-linear distor-
tion must be reduced to the absolute minimum.
- The same applies to brief fluctuations in the speed
of the tape, which would lead to annoying varia-
tions in pitch (“wow” and “flutter”).

During recording, the tape is run across a play-
back head and the reproduction is studied in a
separate room. In judging the recording, it is taken
into account that the future gramophone record
will generally be played in living-rooms and must
therefore give the greatest possible satisfaction
under the circumstances obtaining there.

In practice however these circumstances cannot
be realised in the listening room. In addition a

fairly high sound level is chosen, so that any playing

faults are most certain to be observed; however
owing to the physiology of the ear this will mean
that the observed sound-picture is mot wholly
accurate. The recording engineer must therefore
translate the observed sound-picture, as it were,
into one of lower sound level, more suitable for the
living-room. Remembering also that the electrical
and electro-acoustical properties of the future rec-
ord owner’s equipment are unknown, it will be
clear that accurate adjustment of the sound-picture
requires great practice.

Dynamic range

When recording it is mecessary to reduce the
“dynamic range”, i.e. the intensity ratio of the
strongest to the weakest passages. The excellent
properties of magnetic tape with high-frequency
bias 2) allow it to record almost the whole dynamic
range of a large symphony orchestra (about 70
dB). However, the fact-that the record will eventu-
ally be played under the conditions obtaining in a
living-room, means that the dynamic range of the
record. itself must be appreciably limited, if the
reproduction is not to be marred by too strong a
non-linear distortion or drowned in the surface
noise or the living-room sounds which can never
be completely avoided.

A simple calculation will clarify these problems
" Let us.assume that the output of the average repro-

duction. apparatus (radiogram or record player
“and radio set) amounts to 3 W and that this output
is just reached in the strongest passages. For a
“dynamic range of 40 dB on the record, the pianis-

simo passages of the music would become so soft -

as to be completely dominated by all kinds of inter-
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fering sounds such as are normally present in a
house: street mnoises, sounds from neighbouring
apartments or houses, and even the faint hum of
the gramophone motor itself. (It should be noted
in this connection that the surface noise of modern
plastic gramophone records is appreciably weaker
than that of the older records and can be neglectéd
here.)

In general therefore it is assumed that a gramo-
phone record should have a dynamic range of not
more than 30 dB. Were the dynamic range any
greater, the listener would tend to increase the
volume of reproduction somewhat during soft
passages, with the result that the sound would be
much too strong and, moreover, distorted during
loud passages. The listener would then reduce the
volume. This undesirable situation can be avoided
by doing what the listener would otherwise have
to do, during the actual recording, but in an expert .
manner with due consideration for the music.
Only when the dynamic range of the reproduction
has thus been reduced can it afford the hstener
undisturbed enjoyment.

From the magnetic recording to the matrix

Once a musical performance has been recorded
magnetically, the next step is the transfer of the
recording to a matrix which can then be employed
to press out the gramophone records in a plastic
material. This step is divided into a number of inter-
mediate stages, the first being the production of a
lacquer disc. The matrix is prepared in a number
of chemical and plating processes from the lacquer
disc.

Engraving the lacquer disc

The sounds recorded on the magnetic tape are
transferred to the lacquer disc via a replay head, an
amplifier and a groove-cutter ( fig. 1). The lacquer
disc turns at the same speed as the gramophone
record which will be. manufactured from it.

During this engraving process the necessity again
arises for a very constant speed, both of the tape
and of the disc.. Moreover, exacting precautions
must be taken to avoid vibrations (these largely
determine the noise level of the unmodulated groove)
and to ensure that the disc is flat. The latter is of
especial importance for long-playing records; the
profile of the micro-grooves (fig. 2) — of which
there may be as many as 14 per millimeter — must
be constant within very nartow limits. For this
reason, the turntable of the cutting machiné must
be made very flat and must be accurately perpen- '
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Fig. 1. Equipment for the transfer of magnetic recordings onto lacquer discs. From left
to right: the machine in which the magnetic recording is played back, the amplifier rack
(also containing other electronic apparatus), the machine on which the lacquer disc is

engraved, and a monitoring loudspeaker.

dicular to the axis of rotation; the lacquer disc is
drawn tight onto the turntable by suction.
The spectrum to be registered ranges from about

30 ¢/s to about 16 000 c¢/s. This wide range places

83433

30-40u 70-60u

Fig. 2. Cross-section of unmodulated grooves in a long-playing
record.

high demands on the electronic apparatus and on
the groove-cutter, especially because linear and
non-linear distortion must be kept extremely low.
(Linear distortion is here taken to mean deviation
from a standardized frequency response curve).
As regards this standardized frequency response
curve, it should be noted that present-day gramo-
phone record factories assume a reproduction channel
with specific properties, which it is hoped will be
established on an international basis. T'wo proposals
for such a standard, one European and the other
American (fig. 3), have been studied by the Inter-
national Electrotechnical Commission, but no deci-
sion has yet been reached. When the lacquer disc is
being engraved, a correction is applied which is the
reciprocal of this standard, with a view to rendering

the reproduction via the standard channel as far
as possible independent of the frequency.

The groove-cutter is of the electrodynamic type.
The problems involved in its development are of
the same nature as those associated with the cutter
in the Philips-Miller system ®): the moving mass
must be very small and the coil must have a high
current-carrying capacity. On account of the extent
of the frequency range, however, the requirements
for the disc groove-cutter are still higher.
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Fig. 3. Proposals for a standard reproduction channel for long-
playing records, submitted to the I.E.C. for consideration.
The speed v of the needle point for a constant sound intensity
is plotted along the vertical axis. Along the horizontal axis
the frequency f is plotted. Both are on a logarithmic scale.
Curve A corresponds to the American proposal, curve E to
the European proposal.

5) Philips tech. Rev. 1, 135-141, 1936.
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The following very approximate calculation will show that
the coil is subjected to large currents and accelerations. For
the sake of simplicity, only the movixig mass of the copper
wire of the coil is considered, so that the results will be some-
what on the low side. ' .

If 1is the length of wire on the coil, I the alternating current
passing through it, and B the magnetic induction of the
field in which the coil is located, then the force F which acts

.upon the coil (in Giorgi units) is:

F=1I1B.,
If the current density is denoted J, the total mass of the copper

wire m and the density of copper d, then Il = Jm/d, and
JmB .
F— T.

Moreover F = ma, when e is the acceleration; hence a =

JBYd, or

The acceleration a may be expressed as w?4, where w is the
angular frequency of the note being rccorded and A the
amplitude of the groove. To obtain a sufficiently high ampli-
tude, the acceleration a should be as large as possible. An upper
limit to the value of @ is set by the tracing distortion (see p.
138 of the article cited in 3)), which occurs whenever the radius
of curvature of the recorded sine curve becomes less than the
radius of the spherical needle point with which the gramo-
phone record is later traced during reproduction. The radius
of curvature g of the sine curve is smallest at the peaks;
thus it is there that the limit is most likely to be exceeded. At
~ the peaks we have approximately

V2

= [}
a

where V'is the speed at which the groove passes beneath the
needle. In the limiting case g is thus equal to the radius r
of the needle point, the minimum speed must be taken for V,
i.e that of the innermost grove (¥;), and the maximum value
for a, viz. amax. Then:

r= "V VE/ Qmax
or

VitV 2

amax = r

Substituting the following values in (1) and (2):
d = 8900 kg/m?® (copper), .
B = 1 Wb/m?® (= 10 000 gauss),

Vi 0.22 metre/sec (for a record with 331/,
r = 25x107% m, °

we find a maximum acceleration of:

r.p.m.),

Il

max = 2740 metres/sec?,
or 280 X the acceleration due to gravity. ‘The maximum
current density is given by’
max = 24.2 A/mm?,

neglecting, as stated earlier, moving masses other than that
of the copper wire of the coil.

In the groove-cutter in its present form as pro-
duced by Fonofilm of Copenhagen the difficulties
have been satisfactorily overcome, thanks to the
following measures: new, very light construction
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materials of great strength have been used; the’
components have been very carefully finished, as
a result of which undesirable air gaps have been
avoided and consequently the magnetic induction
can be raised to a high value. In addition, negative
feedback is applied ©): attached to the cutting tool

,there is a small coil located in a magnetic field.

A voltage is set up in this coil which is proportional
to the speed of the cutting stylus. This voltage serves
as the negative feedback in the amplifier which feeds

the groove-cutter. This reduces linear and non-linear

distortion of the engraving process to a very low
level; measurements have showm that the intex-
modulation is about 19,. ’

Another special feature is the electrical heating
of the point of the cutting stylus (sapphire). Thanks
to this heating a smoother groove is formed, resul-
ting in less surface noise. Moreover the reproduction
of high notes is improved. In its cold state the lacquer
is not purely plastic but still somewhat elastic.
Under these conditions the amplitude of the groove
becomes smaller immediately after cutting, the.
reduction in size being more pronounced at smallest
wavelengths. This phenomenon therefore occurs
particularly at high notes and for the innermost
grooves, where the wavelength is shortest. Heating
the stylus renders the lacquer so soft that this
undesirable effect is avoided. The lacquer regains
its original hardness at a very short distance behind
the stylus. . : :

To lengthen the playing time of gramophone
records, the system of variable groove piich has
found application in recent years. In this system
the average distance between two consecutive groo-
ves is made to depend on the amplitude and is kept
as small as possible. This means that in soft passages
more grooves are engraved per millimeter than in
the usual system in which the groove separation is
constant and based on the loudest passages 7).

The variation of the groove separation with
amplitude is, of course, done automatlcally Before
passing the replay head, the magnetic tape passes
over an auxiliary replay head which gives a pre-
indication of the strength of the signal about to be
cut in the disc. The alternating voltage produced
in the auxiliary replay head is rectified and the"
variable rectified voltage so obtained determines
the frequency of a valve oscillator. The latter sup-
plies a synchronots motor via an amplifier, and the

¢) F. Schlegel, Einige Schallplattenaufnahmeprobleme, Acus-
tica 4, 45-47, 1954 (No. 1).
?) The-average extension in playmg time thereby achieved
- is about 20 9, for classical works.
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number of revolutions of the motor is thereby
made to depend on the strength of the signal about
to be cut. The motor drives the mechanism, which
displaces the cutting-stylus radially in the required
direction. '

83652

Fig. 4. Block diagram of the equipment for transferring the
magnetic recording (1) to a lacquer disc (6) via replay head
2, amplifier 3, corrective network 4 and groove-cutter 5. The
equipment for variable groove pitch is on the right: 7 auxiliary
replay head, situated about one revolution (T) of the disc
ahead of head 2; the signal from 7 passes through amplifier
8, filter 9, rectifier 10 and delay network 1I to the reactance
_tube 12. The latter regulates the frequency of a valve oscillator
.13, which supplies a synchronous motor 15 via an amplifier 14;
the synchronous motor displaces the groove-cutter radially;
16 frequency meter.

Fig.4 isablock diagram of the installation for variable groove
pitch. Between the rectifier and the reactance tube (the tube
which governs the frequency of the oscillator) there is a delay
network, whose time constant is approximately equal to the
time required for a certain point on the tape to cover the dis-
tance between the two replay heads; this time T, is selected
roughly cqual to the tine for one revolution of the disc.

Fig. 5 shows the delay network in greater detail. The

amplified and rectified signal ¥, from the auxiliary replay
head is applied to C,. The capacitor C, gets a delayed charge,
via a resistor R;. As the signal Vs increases, the grid potential
Vg, of the reactance tube gradually becomes less negative,
and this increases the frequency of the oscillator; the speed of
the synchronous motor and the groove separation s are
proportional to this frequency.

Also indicated in the circuit are a threshold voltage Vyanda
limiting voltage V. The former is a direct voltage which
opposes Vg as a result the groove distance which had initially
been adjusted to a very small value, only begins to increase
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when the amplitude exceeds a certain level. The limiter con- -
sists of a diode in series with a source of direct voltage Pi;
this ensures that the oscillator frequency and the groove dis-
tance do not increase, indefinitely as a function of the signal

Ry
+o— _L T
l{g . Cy‘ Ca =Rz
T°t|*/|+' A 3
d : ‘ ¢ 83436

Fig. 5. Clrcmt of the delay network 11 of fig. 4. ¥; input swnal
(varymg direct voltage). Va threshold voltdge. C, capactltor
from which capacitor C, is given a delayed charge via resistor
R,. R, discharge resistor. The diode D with bias Vji, forms the
]muter Vb grid bias. 12 reactance tube.

amplitude. Fig. 6 shows the influence of the threshold voltage
and the limiter. In fig. 7 the voltage-time functions of vari-
ous points in the circuit are shown.

fosc

T

VZ im _— Vs

Fig. 6. The frequency fosc of the oscillator (13 in fig. 4) as a
function of the signal voltage V;. The threshold voltage is
Va, the limiting voltage Piim.

The preparation of the matrix

The matrix is prepared from the lacquer disc by
clectroplating and press techniques. The lacquer
disc must first be rendered conducting. The modern
method is roughly the same as that by which silver
mirrors are made, namely by precipitation of silver

- from an ammoniacal solution of silver nitrate.
Processes which take place in vacuo, such as silver-
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Fig. 7. Various voltages in the circuit of fig. 5, as functions of the time ¢, for a fortissimo
passage (duration Ty; the revolution time of the record is T).

Vs = signal voltage. Vc1 = voltage across capacitor C,. The voltage across C, would
be as that shown for V¢,” if no limiter were present; with the limiter the voltage is as
shown for V¢, The voltage between grid and cathode of the reactance tube is Vg3
this voltage determines the frequency of the oscillator.
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Fig. 8. Checking the positive for damage and dust particles.

ing by cathodic sputtering or evaporation onto
the disc have for all practical purposes been aban-
doned, since both the vacuum and the temperature
rise associated with these methods have an un-
favourable influence on the lacquer disc.

When the lacquer plate has been covered with
a layer of silver — only a fraction of a micron in

thickness

a layer of nickel, followed by a layer
of copper, are electro-deposited on the disc. The
lacquer plate can now be separated from the metal.
The thin coating of silver comes away with the
metals which have been built up on it. A metallic
copy of the lacquer disc is thus obtained, with the
difference however that the copy bears ridges in-
stead of a grooves: it is therefore called the negative.

In principle it is possible to use this negative as
a matrix, for an impression of it in a plastic material
would be an exact positive replica of the original,
i.e. the lacquer disc. This procedure is followed,
however, only if the record is to be issued in small
numbers. The method is not followed for larger
issues because, should the negative be damaged
during pressing there would be no “reserve’; it
would then be necessary to make a new lacquer disc
engraving and to prepare a new negative from it
(the latter operation can generally be performed
only once on a lacquer disc), and the manufacture
of this particular record would be held up during

this time. To avoid this, a metal positive is first
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prepared from the negative, by an electro-forming
operation on the negative, again of nickel and cop-
per. (To avoid fusion of the positive and the nega-
tive, the latter is first covered with a layer of a
separating agent.) In this way a positive is obtained
which is in fact a metal gramophone record (with
grooves on only one side), which it is possible to
play. This is in fact done in order to check the posi-

'n dur-

tive for irregularities which might have ari
ing the plating processes; these irregularities are
if necessary corrected. With the aid of very fine
engraving tools and a microscope, particles of dust
and other extraneous matter can be removed from
the groove (fig. 8). A metallic negative is now
prepared from the positive in the same way as the
positive was derived from the negative. This second
negative is the pressing matrix or stamper ( fig. 9).
The copper back of the matrix is rendered absolutely
plane parallel with the front side on a special lathe.
The centre is then determined by an optical method
(fig. 10), this being the point with respect to which
the groove forms an equiangular spiral, and the
centre hole punched (on a disec with variable groove
distance there is always a part with constant groove
distance, which can be used for determining the
centre). The outer edge is then turned to size. To
improve the durability, the matrix is finally plated

with a layer of chromium, 2 few microns thick.

Fig.9.Separation of the positive and the electroformed stamper.




Fig. 10. Centring a matrix. The latter is loosely champed to a
rotatable table. The position is altered until on turning the
table, the grooves, viewed through a microscope, are seen to
move in one direction only (either inwards or outwards).
The lever is then pulled down, punching out the centre hole.

Should the matrix be damaged during manufac-
ture a new one can be made without occasioning a
long delay, from the metal positive. The latter,
like the metal negative from which it was derived,
suffers no damage whatsoever from the electro-
forming copying process. Should the positive also
be unsuitable for use when a number of matrices
have been made from it, there is a further reserve
in the form of the metallic negative.

The mass-production of gramophone records

Before discussing the pressing, i.e. the mass-
production of the actual gramophone-records, let
us first say a few words on the materials from
which the discs are pressed.

Pressing materials

Two kinds of material are employed nowadays for
the manufacture of gramophone records. The older
is a shellac material, the more modern a synthetic
resin, which is actually a copolymer of vinyl chloride
and vinyl acetate. Apart from giving a very smooth
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surface (thus an almost noiseless groove), the syn-
thetic material has the added advantage of being
unbreakable ?).

The methods of preparation of these materials
differ considerably. The shellac material consists
principally of shellac, copal resin, a pigment and a
filler. These constituents, having been very finely
ground, are mixed while still dry. The mixture is then
plasticized and kneaded in a rolling plant with ove
heated roller; the stiff mass is then fed to a special
type of calender which cuts the material into tablets
of the size required for one gramophone record.
In the preparation of the synthetic resin the con-
stituents — principally copolymer powder — are
mixed with a pigment and a stabilizer, the latter to
ensure that the copolymer does pot decompose
during the manufacturing process, giving off chlo-
rine, which is harmful. The material then passes
through an extrusion press where it is heated and
plasticized prior to extrustion; it then passes through
a cutting machine. It leaves the latter in the forms
of grains about 5 mm in diameter. This is the basic
material for long-playing records. The material is
examined for the presence of undesirable particles

of metal by means of a metal detector 8).

Fig. 11.

Gramophone record press shown open.

8) E. Blasberg and A. de Groot, Philips tech. Rev. 15, 97-104,
1953/54 (fig. 8).
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The pressing

Gramophone records are pressed in hydraulic
presses (fig. 11) of the order of 100 tons capacity.
The presses are equipped with moulds to which the
matrices are fixed. The material to be pressed is
pre-heated, the shellac tablets on a steam-heated
table, the synthetic resin grains in an electric oven.
The pre-heating is necessary to accelerate the pres-
sing cycle and more especially to save the matrices,
which would wear rapidly against the hard, cold
material. , '

Prior to pressing, the matrices and the coire-
sponding labels are attached to the moulds and the
pre-heated material (either a shellac tablet or a
suitable amount of granular resin) is fed in. During
these operations the moulds are steam heated, the
heating being continued during the pressing opera-
tion itself. The hot material spreads out rapidly
over the whole surface, so that it completely fills the
mould; the steam is then shut off and cold water is
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fed in to, cool the moulds and matrix 1ap1d1y to a
temperature at which the record has become
sufficiently solid to be removed from the press. -

The edge of the record is freed from extruded
material and carefully finished on a polishing machi-
ne. This is followed by the visual inspection of
each record, packing in covers and delivery to the
store. At regulai' intervals a check is conducted in
which 1ecords are selected at random aud tested

for musical quality.

Summary. The chain of operations in the manufacture of -
gramophone records is described. The music is recorded mag-
netically on tape, and subsequently transferred onto a lacquer
disc by means of a groove-cutter. A metal negative is prepared
by an electroplating on the lacquer disc; from this negative a
positive and a further negative are made by electroforming.
The last negative is the matrix (stamper), with which the gramo-
phone records are pressed out in a hydraulic press. Some re-
cords are still manufactured from shellac, but the modern
synthetic resin material — a copolymer of vinyl chloride and
vinyl acetate —is hecom.mg increasingly used for long-playing
records. Various phases in the manufacturing process are
discussed in some detzul

A GENERATOR FOR FAST NEUTRONS

In the last few years interest has developed in
the effects produced by fast neutrons, i.e. neutrons
with a kinetic energy of the order of 10° or 108
clectron volts. Such neutrons, like other types of
corpuscular radiation, possess a strong ionizing
action especially in media containing hydrogen and
can therefore have a considerable effect on living

matter and on substances consisting of large organic

molecules.

While intense beams of slow mneutrons can be
obtained from atomic piles, the generation of high
energy mneutrons depends on particular nuclear

reactions which take place in collisions of particles

which have been accelerated to high energies. In the
Philips Laboratory in Eindhoven, an apparatus has
been developed which produces fast neutroms by
- means of the so-called D-D reaction:

1D2 +‘1D2 — 2He3 - 0111 -+ 3.28 MeV.

For this reaction, deuterium ions 1])2 (heavy hydro-
gen nuclei) are accelerated by a high voltage and
directed onto a target plate composed of a material
rich in deuterium. In our neutron generator the
« latter consists of frozen D,0, i.e. “heavy ice”.

621.384.6: 539.185.442

The accelerating apparatus (fig. 1) is based on
a cascade generator which delivers a direct voltage
which can be varied continuously between zero and
1 million volts. This generator, which is composed
of a series of condensors and high voltage rectifiers,
departs from the conventional design and is built
as three columns around the porcelain tube in which
the ions are accelerated. An ion source is situated
at the upper end of the tube and connected to the
high potential pole of the generator so that it is
at a high positive potential with respect to earth.

The ions are produced here by an auxiliary dis-
charge in deuterium gas at low pressure. The dischar-
ge is maintained by a high frequency alternating
voltage. The power needed for the source is supplied-
by a small dynamo, driven via an insulating belt -
by a motor mounted by the earthed foot of the
cascade generator (see fig. 1). A special feature of
the cascade generator is that instead of thermionic
valves, selenium rectifiers are used (nominal peak
inverse voltage 250 kV each); these require.no
heater current, so that the well-known problem of
supplying heater current to valves which are at a
high potential does not arise. The accelerating tube

i




110

is built up of five accelerating sections, the electrodes
of which are of such a form that they focus the beam
of downward directed ions. The ion current can be
regulated between zero and a maximum of 1200 pA.
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The target plate consists of a hollow copper disc,
the edge of which is kept covered with a layer of
heavy ice. The layer need not be more than about
20 p thick, i.e. about the penetration depth of

Fig. 1. 1 MeV cascade generator, arranged in three columns around the porcelain
acceleration tube. Left, insulating belt which drives the dynamo for supplying the ion
source and other auxiliary apparatus.

The cascade generator and the accelerating tube
take up comparatively little space, since they are
placed in a steel drum, three metres high, in which
nitrogen at a pressure of 10 atm. provides the in-
sulation. The pumps which maintain the high vacuum
in the acceleration tube, are mounted at the bottom
of the drum ( fig. 2). This photograph is taken one
floor lower than the room in which the generator
stands, and shows also the earthed end of the accel-
eration tube and the target.

deuterium nuclei of 1 MeV energy in heavy ice. The
temperature of the ice surface may not rise above
about — 100 °C, since the vapour pressure of the
heavy water would then be too high for proper
functioning of the acceleration tube. The hollow
target is therefore filled partly with liquid nitrogen,
which continuously evaporates and so provides the
necessary cooling. To avoid local overheating of the
ice by the narrow ion beam, the beam is made to

trace Lissajous figures on the ice surface (tracing
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speed a few hundred m/sec) and the target is rotated
(peripheral speed 8 m/sec) about a shaft introduced
through the wall of the vacuum vessel and driven
by a small electric motor. The shaft is hollow and
through it the evaporated nitrogen escapes from
the target and liquid nitrogen is supplied ( fig. 3).

These measures make it possible for about 500 W

Fig. 2. The earthed lower end of the acceleration tube (a floor
lower than in fig. ). In the background is the pump installation
which maintains the high vacuum in the acceleration tube.
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to be continuously dissipated on the layer of ice.
At a voltage of 1 MeV, therefore, the ion current can
be raised to about 500 pA.

It has been shown that with this neutron genera-

tor a continuous flux of 10' neutrons per second

83695

Fig. 3. Cross-section of the lower end of the acceleration tube,
with hollow target T and its hollow axis of rotation. D deuteron
ion beam, D,0 layer of heavy ice, n neutrons produced,

M electric motor, N supply of liquid nitrogen, ¥ chimney
for extracting the evaporated nitrogen.

can be obtained for many hours at a stretch. The
neutrons leave the target in all directions through
the walls of the target chamber. The neutron in-
tensity is greatest in the direction of the ion beam.
The neutrons also have the highest energy in this
direction, viz. at the maximum ion acceleration
voltage, about4 MeV.

A. C. van DORSTEN.




112 . ' o PHILIPS TECHNICAL REVIEW

VOL. 17, No. 4

- - . THE “SYMMETRIX”,
A UNIVERSAL TABLE AND STAND FOR X-RAY DIAGNOSIS

by J. J. C. HARDENBERG and H. W. DUMBRILL *).

© 616-073.755.1

- Many articles on the medical application of X-ray have been published in this Review, mostly
concerned with physical and electrical problems: the production of the required X-rays, the -

" X-ray tube supply, the quality of the X-ray image, the effect of irradiation upon human tissue,

and so on. However, the actual radiological work also involves interesting mechanical problems,

;] and the ultimate success of diagnosis or treatment depends quite consulerably upon the
ingenuity of the designér in solving these problems.

Introduction

In general, an X-ray diagnostic apparatus com-
prises five essential components: the X-ray tube;

the H.T. generator; the control desk for the voltage °

and current of the tube, and the exposurel); a
fluorescent screen or a film holder; and finally, the
mechanical equipment, usually a universal tilting
table, enabling the rtadiologist to position the
“patient as required. This equipment has been the
subject of study for many years by mechanical

engineers. This is a consequence of the development

of many different methods of radiological examina-
tion, now in regular use in hospitals: clearly the
equipment has to be designed to facilitate these
procedures, which involve the examination of every
part of the human body. The ease with which the
radiologist can perform his task will evidently de-
pend very largely upon the thought and precision
embodied in the design of this equipment.

The requirements for the equipment are that the
X-ray tube, fluorescent screen, film holder etc.
must be movable to enable them to be positioned
correctly in relation to the patient. It may also be
convenient to be able to move the patient himself,
the most common example being movement of the
- patient from a vertical to a horizontal position,
which, by further rotation may then be converted
into the so-called Trendelenburg position. In general,
the X-ray tube, fliiorescent screen, ete. should
move with the patient so as to maintain the same
relative position. This enables the radiologist to
examine the patient not only in the vertical, hori-
zontal, or intermediate positions, but also during
the actual movement of the patient.

*) Philips Balham Works, London.

1) Previous articles’ dealing with these components are:
H.'A. G. Hazeu and J. M. Ledeboer, A universal apparatus
for X-ray diagnosis, Philips tech. Rev. 6, 12-20, 1941;
A. Nemet, W. A, Bayfield and M. Berindei, A dlagnostlc
X-ray apparatus with exposure technique indication and

overload protectxon, Philips tech. Rev.10,37-45, 1949/1949

This technique is not employed in all countries.
In Sweden, for example, separate examinations in
the vertical and horizontal positions are usually
p1eferred and separate installations are employed
for these examinations. However, in most countries
so-called unmiversal tables, suitable for the above-
mentioned technique, are employed and are under-
going steady development.

Most of these equipments have a table turning
about a horizontal axis. Fig. I shows such a table
in the horizontal position. The patient lies on top
of the table; beneath it is the X-ray tube, which
can be moved parallel to the table both longitudinal-
ly and laterally. Above the subject is the viewing
equipment, that is, a fluorescent screen, usually
combined with a serial cassette changer (described
later). The viewing system is coupled to the X-
ray tube in such a way as to follow its movement
parallel to the table top. Moreover, the viewer is
adjustable in a direction perpendicular to the table

tsa
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Fig. 1. Essential parts of a table for X-ray diagnosis. T
table to carry the patient; X X-ray tube (with adjustable lead
diaphragm, D, to limit the X-ray beam); S viewing system .
comprising a fluorescent screen and film-cassette; P Potter- |
Bucky diaphragm, and film-cassette employed in conjunction
with an alternative separately mounted X-ray tube. The tube
(X) can be moved parallel to the table, that is, in the
directions indicated by arrows, and also at right angles to the
plane of the drawing ; the viewing system (8) moves with the
tube, and can also be moved perpendicular to the surface of
the table. The table top is made of a material of low X-ray
absorption.
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top, to enable the radiologist to lower it as
required to the patient (usually positioned with
his back to the table) or even to employ the so-called
compression technique (see later).

*For some examination procedures, the table is
used in conjunction with a second X-ray tube,
mounted separately. Use is then often made of a
so-called Potter-Bucky diaphragm to reduce X-ray
scatter; this is fitted underneath the table as shown
in fig. 1 2). The Potter-Bucky diaphragm must move
or oscillate in a certain manner during the exposure.
In addition, it must be adjustable to various posi-
tions beneath the table to enable different parts
of the body to be radiographed. Accordingly, the
designer must provide for all these movements.

Apart from speed and reliability, the various
movements of the equipment must also be such
that once the adjustment has been made, the obser-
vation or radiograph may be made immediately.
For example, individual parts of the equipment
must not vibrate at the moment that the exposure
is made and so affect the sharpness of the picture.
Again, an efficient brakin.g system is required, to
arrest the equipment at the instant that the desired
position is obtained. Finally, all the movements of
table, tube, film-holder, patient, etc. must be effected
without undue effort on the part of the radiologist.

Principle of the “Symmetrix” design

It will be evident from the introduction that so
many requirements are put on a universal diagnostic
equipment that it is difficult to satisfy them all.
Moreover, developments during the past 10 or
20 years have shown that whenever a new design
appears on the market, users tend to add the new
_ facilities provided by it to their list of requirements.

This was particularly noticeable after the second
world war, when it was found that the design of
mountings on the continent of Europe had followed
somewhat different lines from those in England and
America. In view of this, Philips set out to find a
design to satisfy, as far as possible, the requirements
of both schools of thought. This project led to the
development of the “Symmetrix” mounting, now
approved by radiologists in many countries. 3)
Essentially, this design is based on two ideas: a) the
table movement comprises consecutive rotation
about two separate axes. b) the two rotations are
symmetrical with respect to the horizontal position;

2) See W. J. Oosterkamp, Eliminating scattered radiation in
medical X-ray photographs, Philips tech. Rev. 8, 183-192,
1946. . :

3) The design of the “Symmetrix” is based on a tilting table’
developed and produced by the Philips factories at Balham,
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the table can be tilted from the horizontal to the
vertical either to the left or to the right. With this
arrangement is is possible to satisfy a large number
of requirements. ]

* The idea mentioned in a) is relatively new. To
explain it, we shall now consider a conventional
type of universal diagnostic table, which is adjusted

. to the different positions by rotation about a single

axis. Such a mounting is, for example, the Philips
“Diagnost”. This has a centrally located base con-
taining the drive, the table pivoting about a hori-
zontal axis at the top of the base (fig. 2). The axis
is so positioned as to leave enough space between it
and the table top for the movement of the scatter grid
mentioned above, and to enable to table to be ad-
justed to Trendelenburg positions up to roughly 10°.

83697 ]

Fig. 2. Diagram of the Philips “Diagnost”. The table (T)
pivots on a spindle at the top of the central base (V).
When the table is swung from the vertical to the horizontal
position and beyond it (Trendelenburg position), there is a
risk of the X-ray tube coming in contact with the floor; hence
it is necessary, even for relatively small Trendelenburg angles
(@), to fix the axis of rotation relatively high abhove the floor,
Moreover, owing to the presence of the central base containing
the spindle, the X-ray tube can be moved only a short distance
(d) along the table. ‘

Although satisfactory in many respects, the de-
sign of this stand satisfies the requirements only
to a limited extent. Firstly, the central base limits
the longitudinal movement of the X-ray tube under
the table; secondly, the adjustment of the table to
the Trendelenburg position involves a risk that the
tube will touch the floor, and to avoid this it was
necessary, even with the relatively small angle of
10°, to mount the table at a level somewhat higher i
than that which has been sﬁ_owh to be the most
convenient. : -

In the “Symmetrix”, this limitation is avoided
by providing the table with two axes of rotation.




Fig. 3. The “Symmetrix” examination table can be rotated
from the one vertical position (a) to the horizontal position
(¢) and thence to the opposite vertical position (e). In spite
of this, the surface of the table in the horizontal position is
only 32'/, inches above the floor.
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The table swings from the vertical to the horizontal
position about one of these axes; beyond the hori-
zontal position it does not continue its original
downward movement but instead it swings about
another axis, displaced horizontally with respect
to the first. In this way, the tube is prevented from
coming too close to the floor. This enables the table
to be placed at a virtually ideal level, i.e. 32!/,
inches, in the horizontal position and yet rotated
to a 90° Trendelenburg position. The Symmetrix
also allows the X-ray tube to be moved the full
length of the table. This is made possible by em-
ploying a pair of pivots on either side of the table
for each axis instead of two full-length shafts.
Fig. 3a-c shows different stages in the rotation of
the subject from the vertical, to a 90” Trendelen-
burg position, in which the two symmetrically
places axes of rotation successively come into oper-

ation.
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The symmetrical location of the two axes of
rotation is the logical outcome of the demand for
deeper and deeper Trendelenburg positions (307,
45°, 60°, ete.). Such positions can, of course, also
be obtained in other ways: some of the existing
systems combine two rotary movements, others
one rotary movement and a translation. However,
we consider that our system offers a considerable
advantage as compared with these possibilities, in
that the left-hand and right-hand vertical positions
are equivalent and so enable the radiologist to
choose either of them as the normal position for

handling the patient.

Fig. 4. End view underneath the “Symmetrix’’ with the table
tilted slightly about the axis of rotation at the far end of
the table. Both alternative axes of rotation consist of a pair
of short spindles which turn in open bearing bushes at the
top of the base walls. The spindles (4) at the near end of
the table have just left their bushes (B). The use of short
spindles in place of long shafts leaves the space under the
table entirely free from obstructions and therefore enables
the carriage (W) carrying the X-ray tube (X) to be moved
the full length of the table underneath the patient. Note the
two sprocket wheels (L, see fig. 6), one on either side of the base

It will now be clear that the principal feature of
the “Symmetrix” table is that its axis of rotation
changes from one pivot to the other when the table
passes through the horizontal position. This is made
possible by employing bearing bushes open at the
top, enabling the one pair of pivoting lugs attached
to the table to leave its bearings when the table
begins to rotate on the other pair ( fig. 4). The weight
of the table is sufficient to prevent the spindles
from leaving the bearings at the wrong moment.
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Details of the “Symmetrix’” table mechanism

Fig. 5 shows a cross-section of the “Symmetrix”
table in the horizontal position. It is seen that the
general profile of the base is U-shaped, and that
the table fits

over it as another, inverted, U.

3699 '
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Fig. 5. Cross-section of the “Symmetrix” table. The base
forms a U, over which the table, with its two sidewalls, fits
as an inverted U. G is the mounting of the viewing system S.
For the other letters see fig. 1 and fig. 3.

The mechanism to tilt the table is shown diagram-
matically in fig. 6. Two driving spindles rotating in
bearings in the base are positioned almost perpen-
dicularly below the two axes of rotation of the table.
A single electric motor placed at the centre of the
base operates both driving spindles simultaneously
at the same speed and in the same direction.
Gear wheels at both ends of the two driving spindles,
outside the base, engage toothed segments attached

83700

Fig. 6. Schematic drawing of the driving mechanism of the
table. The table carries two heavy sprockets acting as toothed
segments, K,—K,” and K,—K,’, centring upon the two axes
of rotation, 4,—A," and A4,—A,’, respectively, These sprockets
engage with two pairs of sprocket wheels, L,—L,” and L,—L,’,
which are driven (at the same speed and in the same direction)
by a centrally mounted motor (see fig. 9).
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to the table and centring upo'n the respective axes
of rotation. Except in the horizontal position, only
one pair of toothed segments is engaged with the
gear wheels. When the table passes the horizontal
position, the pair of segments hitherto disengaged
takes over from the other pair, the system being so
designed that this transfer takes place without any
interruption of the movement. In reality, ease of
production and cost considerations have lead to
the use of sprocket wheels instead of gears, and
sprockets stretched round the quadrant-shaped
ends of the table (see fig. 3), instead of the toothed
segments. ' )

The change-over of axis when the table is swung past the
horizontal position can be explained more fully with the aid of
fig. 7. The diagram shows the mechanism schematically, that
is, the teeth of the wheels and segments are omitted in the
drawing. Now, point P (fig. 7a), which will be the unique point
of meshing at the moment of transition from the one pivot
to the other, rotates first about axis A; and later, with the
same angular velocity w, about axis A,. The peripheral velocity

- .. of rotation about the latter axis is v, = hw (fig. 7b); the original

peripheral velocity v, = lw includes a component p in the v,
direction. From the geometry of the figure we obtain '
p = v, (cos’e—% sin 2¢/tan a),
or, if the angle ¢ is small,
pfv, &~ 1—¢ftan a.

It can be seen that p would be precisely equal to v, if ¢ = 0,
that is, if each gear wheel operates in bearings vertically
below its associated axis of rotation of the table. This then,
is the condition to ensure continuous movement of the table
in the theoretical case when the teeth of the wheels are ignored.

83701

Fig. 7. Diagram illustrating the transition from rotation about
axis A; to rotation about axis 4,. .
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In practice however, the teeth cannot be ignored. The chan-
ging of the pivot is then also governed by another important
condition, that is, that the rollers of the sprocket engaging
with the rotating sprocket wheel at point P must not scrape
along the leading or trailing edges of the teeth on the sprocket
wheel, To satisfy this condition it is necessary to make ¢ a
small positive angle. In the “Symmetrix” ¢ = 3°. From fig. 8,

a2 '/A’

v
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Fig. 8. The teeth of one of the rotating sprocket wheels and the
rollers of the sprocket engaging with it (rotation about axis
A,;), in three consecutive positions. Instead of being vertically
below axis 4,, the sprocket wheel axis is displaced a certain

" distance (4) inwards.

illustrating the mating of the sprocket rollers and sprocket
wheel teeth in three consecutive positions, it can be seen that
in fact all the rollers clear the sides of the teeth by a small
margin. This still occurs if the point of engagement of sprocket
and wheel lies somewhat to the left or to the right of the posi-
tion shown, as may well occur due to slight variations in
the position in which the sprocket is mounted.

A single-phase, two speed, reversible 'electric

- motor is employed, enabling the radiologist to

swing the table either quickly or slowly in the desired
direction by operating a foot switch, or a conven-
iently placed hand switch. The higher speed,
employed, for example, to adjust the table when
unoccupied, brings the table from the vertical to
the horizontal position in 20 seconds; with the lower
speed, used in certain examinations involving con-
tinuous viewing of the image of a moving subject,
the table takes 40 seconds for this movement. To
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avoid an unduly perceptible jolt as the table swings
past the horizontal position, owing to the fact that
the vertical component of the motion of part of the
table then reverses direction, feeler contacts are
fitted in the bearing bushes to switch the motor
automatically to the lower speed whenever one of the
pairs of table pivots approaches its bearings ( fig. 9).

To make the table top readily accessible for the
positioning of the patient, whether in the vertical
or the horizontal position, the mounting for the
viewing unit runs on one side only of the Symmetrix
(fig. 5). This mounting is constructed of light alloy
and is fixed rigidly to the carriage carrying the
X-ray tube. The whole assembly, guided by rollers,
can be moved along the table. The viewing system,
comprising a fluorescent screen and a serial film-
cassette, is fixed on slides so that it can be moved
both perpendicular to the table surface and across
it. For the lateral movement, this system is nor-
mally coupled to the X-ray tube carriage by a
telescopic connecting rod. By disconnecting this rod
it is possible to push the serial cassette back far

pres

Fig. 9. Base of the “Symmetrix” table seen during assembly.
M centrally mounted electric motor to drive the table: 4,, 4,
spindles and B,, B,” their associated open bushes. In B,
there is a feeler switch which causes the table to rotate at the
lower speed when passing throught the horizontal position;
the switch operates through a relay system which is visible
in the side wall of the base. X X-ray tube; W tube carriage
with “concertina’ cable (Fy); G mounting for viewing system;
P frame of Potter-Bucky diaphragm, with concertina cable

(Fp).
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enough to all but clear the table surface. This is an
advantage in that it facilitates the taking of radio-
graphs with the separate X-ray tube with the Potter-
Bucky diaphragm and cassette below the table (see
next section).

The X-ray tube and the viewing system coupled
together may be adjusted a distance of 130 cm
along the table, 30 cm across it and 35 ¢m in the
perpendicular direction. Perpendicular movement
of the viewing system when the table is in the hori-
zontal position, is facilitated by a counterweight
in the mounting. Movement of the viewing system
and its counterweight and the tube carriage along
the table when the latter is in the vertical position
is also balanced by counterweights running along
the side walls of the table (fig. 10).

Although this therefore
virtually no work against the force of gravity, the

movement involves
setting in motion and stopping of such large masses
would nevertheless mean that the radiologist had to
overcome considerable forces if inertia. Accordingly,
the longitudinal movement of tube and viewing
system is driven, via sprockets and a friction and
gear-wheel transmission by an auxiliary motor
mounted at one end of the table. By pressing one
of the lightly spring-loaded handles on the series
cassette in the desired direction of travel, the radio-
logist closes a contact to operate the auxiliary
motor in the appropriate direction. The motor thus
drives the X-ray tube and viewing system in the
same direction as the radiologist moves his hand.
The torque-versus-speed characteristic of the motor
is such as to ensure adequate initial acceleration of
the masses to be moved: as the motor accelerates,
the torque decreases until it is just enough to main-
tain the speed of movement usually required in
practical examinations. This gives the radiologist
the sensation that he is pushing the fluorescent
screen and the cassette along the table by hand,
with no more effort than is required to push them
across the table. The latter movement is performed
without the aid of a motor, since no counterweights
have to be moved and therefore only relatively
small inertia forces are involved.

The movable Potter-Bucky diaphragm under the
table, referred to earlier in this article, is likewise
provided with counterweights in the side-walls of
the table to facilitate its movement along the latter.

Instead of balancing the viewing unit by means of counter-
weights, it would be possible to obtain the same effect by
means of external springs; this would involve relatively smaller
forces of inertia. However, we chose the above-mentioned
method because it places less restriction on the positioning of
the whole installation and does not impair the all-round acces-
sibility of the table.
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The flexible H.T. supply cables of the X-ray
tube are carried along by the tube carriage as it
moves along the table. A lateral guide passes them
through the viewing system mounting to be drawn
along by the tube as it moves across the table.

PHILIPS TECHNICAL REVIEW
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table and the Potter-Bucky diaphragm, which is
movable in relation to the viewing unit mounting.
Finally the tilting table and the fixed base are con-
nected by a cable passing over spring-loaded rollers
in the side-walls of the table which pay out the cable

Fig. 10. The “Symmetrix” table during assembly. The table top, the side plates of the table
and the cover plates of the viewing unit mounting G are not in position. Cs is the count-
erweight to Lo balance the perpendicalar movement of the viewing unit. One of the two
heavier counterweights Cy employed to balance the movement of viewing unit and
X-ray tube carriage along the table can be seen in the side wall of the table. H high-tension
cables, passing through a lateral guide to the X-ray tube under the table; E flat multi-
core cables connecting the controls on the viewing unit to the mounting; F}, concertina
cable to connect the scatter grid P to the table (only the frame of P is shown).

The table
system of wiring to energize the motors and to
tube,

contacts on the viewing system, in the base of the

“Symmetrix” countains a complex

connect motors, X-ray ete. to up(-raling
equipment and in a hand switch. The connecting
cables are designed to follow the different parts
of the table as they move in relation to one another.
Since the movements of the viewing system and
the tube carriage are only short, i.c. 35 ¢m perpen-
dicular to, and 30 cm parallel to, the table surface,
they are connected by two looped flat multi-core
cables (E in fig. 10). The viewing system and
the tube carriage are linked to the table by a cable
attached to one or two hinged strips, following in
the manner of a concertina (Fy, in fig. 9); a similar

system is employed for connections between the

as the table tilts from the horizontal to the vertical
position, and take up the slack as it returns to the
horizontal position. The need for such a system
arises, of course, from the fact that the “Symmetrix”
is not provided with one permanent axis of rotation;
otherwise, it would be possible to connect the table
to the base by means of a straight, flexible cable

close to the axis.

Mounting of the second X-ray tube

As stated in the introduction, there are certain
methods of examination for which the X-ray tube
incorporated in the table is not suitable. Important
examples are chest radiography, in which the tube
is placed quite a long way from the subject (say,
1.5 m), and the radiography of internal organs with
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the aid of the Potter-Bucky diaphragm, for which
the subject must lie flat on the table, either prone
or face upwards, and be irradiated vertically from
above. Another example is planigraphy, a technique
necessitating an altogether different arrangement of
tube, subject and film.

In the case of the “Symmetrix”, the second
X-ray tube required for these and other techniques
is mounted on a separate column, running on floor
rails parallel to the table (fig. I11). In other designs
ceiling rails are sometimes employed, either in
conjunction with floor rails or alone. Although this
enables the column to be dispensed with as an un-
necessary obstruction, the many degrees of freedom
and the corresponding counterweights which make up
a rather heavy installation, would impose a severe
strain on the ceiling. The floor rail system was there-
fore adopted, the rails being bedded in a low plat-
form with sloping sides to prevent it from being a
dangerous obstruction even in the dark.

The X-ray tube is mounted on a horizontal arm
which can be moved up and down the column and
rotated about its longitudinal axis. Since the column
likewise rotates on its axis, and the X-ray tube can
be moved to and fro along the arm, and also rotated
about its own axis, the tube can easily be adjusted
in relation to the “Symmetrix” table to obtain the
required examination of the patient without the
inconvenience of moving him. Moreover, the column-
mounted X-ray tube can also be used to examine
other patients on tables or stretchers arranged either
in line with, or parallel to, the “Symmetrix’ table.
This combination of column and table therefore has
some claim to be described as a universal mounting.

To facilitate the vertical adjustment of the tube,
the arm and tube are balanced by counterweights
sliding up and down in the column. To be within easy
reach, the operating handles controlling the various
movements are located at the tip of the arm. The
X-ray tube is so mounted that the focus, from which
the X-rays proceed, is on the geometrical axis of
rotation of the arm. This is important in planigraphy
In this technique, the X-ray focus and the cassette
are moved in opposite directions parallel to the
surface of the table, in such a way that the central
ray of the X-ray beam always passes through a
particular point inside the patient?). To satisfy
this requirement it is necessary to turn the X-ray
tube about the axis of the arm, and the above-
mentioned arrangement enables it to be rotated
without affecting the parallel movement of the focus.

%) See A. Bouwers, The localization of objects in the human

body, Philips tech. Rev. 5, 309-314, 1940.
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Fully automatic planigraphy with the subject
horizontal (in which the pillar must move 1 metre
along the rails in roughly 1 second) or upright (in
which the arm must move 1 metre vertically in
roughly 1 second) can be carried out by means of a
separate auxiliary unit.

Fig. 11. Column carrying the alternative X-ray tube, for use with
jd ~ & __W; = =3 2 .
the “Symmetrix” stand. The column runs on double floor rails
and rotates on its axis. The X-ray tube and its diaphragm are
attached to an arm and can be moved to and fro along it.
The arm rotates on its axis and can be raised and lowered on

the column.

Practical application of the “Symmetrix”

Although it is beyond the scope of this article to
go into all the operations involved in the various
possible examinations with a universal diagnostic
apparatus it may be useful to devote our concluding
paragraph to a description of the procedure in
carrying out a particular examination. Accordingly,
the examination of the stomach by means of the
serial cassette will now be considered.

The “Symmetrix” table having been adjusted to
the vertical position, the subject walks up to it

without having to stoop to avoid obstructions in the
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dark, stands against it (if necessary on a foot rest)
and may be given barium meal to swallow. The radio-
logist, sitting in front of the fluorescent screen, studies
the X-ray image. He is protected against direct
‘X-rays by a sheet of thick lead-glass, and from
radiation scattered in the patient by a lead cover
and sheets of lead-rubber hanging from the screen
(fig. 4). He also wears a lead-rubber apron; lead-
rubber gloves are sometimes used to protect his
hands. Two motors mounted on the shield of the
X-ray tube and controlled by push-buttons beside
“the screen enable the radiologist to vary the rectan-
gular aperture of a lead diaphragm situated in the
X-ray beam, and so mask the image, as required.
(The image should not be larger than is strictly
necessary for the particular examination, in order
to minimize the decrease in contrast owing to
scattered radiation; see the article referred to in
note 2)). Gripping the handles on either side of the
screen, the radiologist moves it over the subject to
find the best position for a radiograph; he does this
without effort, since the vertical component of the
movement, involving the movement of the viewing
system, tube carriage and counterweights, is carried
out for him by the auxiliary motor. The radiologist
may palpate the subject by hand or with a suitable
instrument, or push the screen forward to “com-
press” the subject by a special pad of low X-ray
absorption attached to the other side of the screen
(the adipose and other tissues are thus pushed aside
as far as possible, so that they do mnot absorb and
scatter X-radiation unnecessarily). When once the
screen is suitably positioned and the proper phase

in the assimilation of the contrast mediumisreached, -

the radiologist clamps all the moving parts of the
apparatus and takes the radiograph. All that he
has to do to clamp the apparatus is to turn either of
the two screen grips slightly on its spindle, thus
. applying electromagnetic brakes to all the moving
parts. To take the radiograph, he merely presses a
button; the tube voltage and current and the
exposure, are preselected, usually by an assistant
operating the contiol desk.-

The pressing of the-button releases a spring-loaded
slide to carry the cassette into position in front of the

VOL. 17, No. 4

screen; as it moves, this slide closes a contact to
prepare the X-ray tube for the load to be applied to
it a moment later (the heater current then increases
and the anode begins to rotate). If necessary, the
same contact may be used to switch on an electric
motor which oscillates a thin Potter-Bucky grid
behind the screen. On reaching the end of its

" track, the slide closes another contact to switch on

the tube H.T. for the pre-selected period. This com-
pletes the taking of the radiograph; the radiologist
then pushes the slide back to its starting position,
thus enabling the whole process-to be repeated to
record another phase of the stomach movements.
The serial cassette isso designed thatit automatically
makes a series of exposures on the one standard-
size film sheet; it may be adjusted to expose the
film either all at once, or in 2, 4 or 6 equal parts.
A switch is provided on the serial cassette to enable
the radiologist to tilt the table to certain angles
indicated on a scale; in stomach radiography this.
facility is employed only in special cases, but it is
important in certain other examinations.

:

Summary. The mounting of a diagnostic X-ray installation
usually includes a movable examination table upen which
the subject is placed, with an X-ray tube and viewing system
(fluorescent screen, film-holder) mounted so as to enable the
radiologist to position them as required in relation to one
another. A certain widely used examination procedure involves
turning the patient about a horizontal axis (at right angles to
the X-ray beam) from the vertical to the horizontal position,
and in some cases beyond it. During this movement the X-ray
beam must tilt with the patient. The “Symmetrix” table
described in the present article enables the subject to be tilted
through 180° from the one vertical position to the other with-
out limiting the movement of the X-ray tube along the table,
and without the table having to be mounted too high above
the floor. The essential feature of the design is that the table
has two alternative axes of rotation, equidistant from the
centre, which come into operation one after the other. Each
axis comprises two short spindles turning in bushes which are
open at the top, so that the pair of spindles not in operation
may leave to permit rotation about the other pair. Two sets
of counterweights are employed, the one to balance the view-
ing system as it moves perpendicular to the table, and the
other in the side-walls of the table, to balance this system,
together with its counterweights and the X-ray tube, when

‘they are moved along the table as one unit. An auxiliary motor

is employed to move the larger masses. The “Symmetrix”
installation- also includes a column; running on rails in the
floor, carrying a second X-ray tube. The latter is provided
with various degrees of freedom for use in certain important
examination procedures.

ERRATUM
AN X-RAY TUBE FOR MICRORADIOGRAPHY

In figs 3 and 4 of the above mentioned article (Philips tech. Rev. 17, p. 46, Aug. 1955)
the scale marks in the photographs should read 100 p and 200 p respectively instead

of 10 and 20 p.
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A SIMPLE AND RELIABLE IONIZATION MANOMETER

by E. BOUWMEESTER and N. WARMOLTZ.

531.788.74

Since 1916, when Buckley constructed and described the first ionization manometer, a large

variety of designs both of the manometer tube and of the associated circuits, have been devised.

By a careful evaluation of the merits of the various systems, the authors have arrived at a com-

bination of circuits and details which, though not in themselves original, form a reliable and

accurate manometer.

Principle of the ionization manometer

Among the many methods for measuring low gas
pressures '), within the range 107% to 10°° mm Hg,
the ionization manometer is still one of the most
accurate instruments, and for its accuracy, the most
convenient. Let us briefly recapitulate the principle.

The manometer head is mounted in a glass tube
which is fused to the apparatus in which the
pressure is to be measured. The tube contains as a
rule three electrodes (fig. 1) viz. a cathode f, and
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Fig. 1. Principle of the ionization manometer. The electrons
emitted by the cathode f are accelerated by the anode a
(which has the form of a grid), at which they finally arrive;
they produce the current i—. The ions formed arrive at the
ion collector ¢ and produce the current i-}-.

two coaxially arranged electrodes a and ¢. The grid-
like electrode a (the anode) is given a positive
potential of, say, 100 V relative to the cathode,
while the electrode ¢ is given a negative potential
of about —40 V. The electrons are accelerated by
the electric field between fand a. A number of them
shoot through the anode and, in general, oscillate
about it before impinging upon a. They therefore
describe a path of considerable length, in the course
of which they ionize some of the gas molecules
within the envelope. The positive ions formed
in the region between a and ¢, will impinge

') A systematic survey of these methods is given e.g. in
F. M. Penning, Manometers for low gas pressures, Philips
tech. Rev. 2, 201-208, 1937.

upon ¢, which is called the “ion collector’ 2).

The number of ions is proportional to the gas
density and hence to the gas pressure, as well as to
the ionizing electron current. If the latter is constant,
then the current flowing from ¢ is a measure of the
gas pressure.

In designing an ionization manometer two essent-
ial problems present themselves: the adjustment
and stabilization of the electron current, and the
measuring of the ion current, which is generally very
small (often of the order of 107" A). In this article
we shall describe the design of an ionization mano-
meter which has been used in the Philips Research
Laboratories in Eindhoven
considerable time ( fig. 2) 3).

This will be followed by a discussion of the cali-

and elsewhere for a

bration curves and of some of the measures taken

to improve the accuracy at low pressures (down to
107% mm Hg).

82968

Fig. 2. The ionization manometer, showing two manometer
tubes, one of a large and one of a small type.

%) Sometimes ¢ is given the function of anode and a that of
collector.

%) A short description of the instrument in an earlier stage
of development was given by: N. Warmoltz and E .Bouw-
meester, An easily degassable ionisation gauge, Appl. sci.
Res. B2, 273-276, 1951.
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Adjusting and stabilizing the electron current

If the anode potential is given a sufficiently high
value, so that the saturation current of the cathode
is used as ionizing electron current, then fluctuations
of the anode potential do not influence the calibra-

tion. This, however, requires a circuit for keeping

this saturation current constant at the desired value
by automatic control of the filament current. A
control of this kind as a rule requires an amplifying
tube and two regulator tubes and is thus rather
complicated. If the anode current is limited by the
space charge, then the current is virtually indepen-
dent of the cathode temperature (provided only
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amounts to 10-159, of the mean value without
feedback, is reduced to 1-29, by the application
of feedback. - .

The manometer has been calibrated for two
values of the electron current, viz. at 0.5 and at
2.5 mA. The latter value is applied for low pressures,
since then the sensitivity is approximately five times
greater. These values, which can be read from meter
M, (fig. 3), are adjustable by varying the cathode
resistance by means of R,. The configuration of the
electrodes in the manometer has been so selected,

_ that at these emission current values, the cathode f

becomes slightly positive with respect. to g.

+225V;
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Fig. 3. Circuit diagram of the ionization manometer. The manometer tube is shown as
a normal tetrode. The drawing on the left shows the tube more in its actual form. The
glass wall is covered with an earthed conducting layer, except where drawn with thin lines.
The meter M, is used for adjusting the ionizing electron current; the pressure is read from

2

that the latter does not drop so far that the current
is again limited to the saturation current). Following
'C. G. and D. D. Montgomery %), we have applied an
improved variation of the latter method. A grid g
is fitted between cathode f and anode a (fig. 3).
Together they form a triode, the anode current of
which can be stabilized very simply by negative
- feedback via a suitable resistance in the cathode
current. The potentials of control grid and anode are
" both stabilized by means of voltage-stabilizing tubes
85 Al, to -+ 85-and + 255 V respectively relative
to earth. The ripple on the anode current, caused by
the potential distribution along the directly heated
cathode varying with the mains frequency, which

4) C. G. and D. D. Montgomery, A grid-controlled ionisation
gauge, Rev. sci. Instr. 9, 58, 1928. .

The cathode saturation emission has to be adjust-
ed by means of the filament current to a value
slightly (e.g..0.5 mA) in excess of the actual value
of the emitted electron current. The cathode tempe-
rature required for this emission and, therefore, also
the necessary filament current, however, depends
on the work function of the cathode metal, which in
its turn is considerably affected by the type of gas
inside the manometer. Oxygen, for instance, has the
effect of greatly increasing the work function (poison-
ing of the cathode); with the presence of this gas,
therefore, the cathode temperature should be far
higher than when the tube is filled, say, with pure
argon. The necessary filament current, however, is
not determined by the required cathode temperature
alone. The loss of heat from the cathode to its sur-
roundings, which depends both on the gas pressure
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and on the type of gas, also has an effect. It is thus
obvious that the filament current necessary to give
the required emission, depends on many variable
factors. In order to avoid the risk of making the
cathode temperature unnecessarily high and thereby
shortening the working life of the cathode, it is
desirable that the saturation emission can be directly
indicated and adjusted. As shown in fig. 4 this can
be realized by temporarily reducing the cathode

Fig. 4. The current Jx through the cathode circuit of the ioniza-
tion manometer shown as a function of the voltage Vy—Vi
between the control grid and the cathode, for various values
of the saturation emission of the cathode, and at constant
control-grid and anode potential (respectively - 85 V and
-+ 255 V relative to earth). The working point of the triode so
formed is given in the usual way by the point of intersection
of the relevant characteristic with a straight line (the load
line), passing through the point 4 85 V on the abscissa.
(This latter point is in reality considerably further to the right
than shown in this schematic diagram.). The load line makes
an angle a with the abscissa; cot a is a measure of the resistance
between cathdde and earth. If this resistance is low (R,
connected in parallel to R,, and R, completely short-circuited,
see fig. 3), then the saturation current flows through the tube
(load line I). If R, is switched off, cot arr = R; & R,; the
cathode current can now be accurately adjusted at 0.5 mA
by means of R,, (load line II). If R, is switched out, the
load line can be placed in position I11 by means of R,, provided
the saturation emission is sufficient; the anode current now
amounts to 2.5 mA.

resistance, for this purpose the resistance R, can be
shunted with R; (see fig. 3). The meter M, then
indicates the saturation emission current. The fila-
ment current is subsequently adjusted by means of
R,, until the saturation emission has the desired
value. A

Measuring of the ion current

The ion collector ¢ is connected, via the resistor
R, (fig. 3), to a point having a potential of approxi-
mately - 42.5 V relative to earth (R; = R;). The
collector is, therefore, 212.5 V negative with respect
to the anode and therefore attracts the pOSlthC ions
formed beyond the anode. '
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The voltage produced across the resistor R, is
applied to the control grid of a pentode E 80 F, and
governs the current through this tube. The resistor
R, is adjustable to five values, each differing by a.
factor of 10. For each value of the electron emission
current, therefore, five measuring ranges are avaﬂ-
able. .

The current through the pentode, however, is not -
directly used to indicate the ion current. The change
in anode current due to change in the gas pressure
is very slight and fluctuations of this current, e.g.
due to insufficient stabilization of the supply volt-
ages, would cause grave errors in the indication. This
is prevented by incorporating the pentode in one
of the branches of a Wheatstone bridge. Another
pentode of the same type and the resistors Rg and
R, form the other arms of the bridge. The current
through a microammeter M, (100 pA. f.s.d.) connect-
ed between the anodes of the two tubes is a measure
of the ion current and the corresponding pressure.
Any fluctuations of the supply voltages have practi-
cally the same effect upon the two tubes and donot
disturb the balance of the bridge. This method of
measuring the ion current is due to Laferti?®).
Provisions are made to enable adjustment of the
bridge, such that: 1) M, indicates zero (equilibrium
of the bridge) if no ions are formed, which is the
case when the ionizing electron current is interrupted
by the switch under M,; 2) the sensitivity has such
a value that the indication of M, corresponds to the
calibration curve (current through M, as a function
of the gas pressure). The latter is effected by ensur-
ing that with a given voltage on the control grid
of the first pentode (obtained by connecting the
calibration point A to this control grid), M, shows
a certain deflection. In order to satisfy both the
above conditions at the same time, two mutually
independent adjustments are required, which are
provided in this case by the variable resistors R,,
and Ry,. By means of R, the screen-grid voltage of
the second tube (and hence its characteristic) ‘is
adjusted, whilst R;; makes it possible to control the
ratio of the two resistor-branches of the bridge.
It has been found necessary to make sure that the
grid resistors R, and R; of the two tubes have always
the same value. Otherwise the voltages across the
grid resistors caused by grid currents, mainly
originating from positive ions from residual gas in
both pentodes would disturb the adjustment after
the instrument is switched ovér to another measuring
range. '

§) 8. Dushman, Scientific foundations of vacuum .technique,
J. Wiley, New York 1949, p. 361.

-
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The calibration curves

The manometer tube is made in two types, one of
50 cc and one of 10 cc capacity (see fig. 2). The
‘smaller type has been specially developed for
measurements on vessels of small volume. Fig. 5
shows the calibration curve for both types, for an
ionizing electron current of 0.5 mA and for the
. gases argon and hydrogen 6). The current measured .
increases somewhat more rapidly than proportional
to the pressure. In the range of the higher pressures

R,=5-1070 -
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Improvement of the accuracy at low pressures

During the development of this manometer one
of the foremost aims was a sturdy and reliable
instrument. We have, therefore, avoided sacrificing
these properties for an extension of the measuring
range to pressures below 10~ mm Hg, which is the
normal limit for this type of gauge. Some provisions
have been made, however, to increase the accuracy
and reliability of the indication in the lowest range:
1) The wall of the glass tube containing the electrode
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Fig. 5. Calibration curves for the large type of manometer tube (a) and for the smaller
type (b). The full lines apply to argon (A), the broken lines to hydrogen (H,). The ionizing
electron current was 0.5 mA. The value of the saturation emission has some influence on
the calibration at pressures higher than 5 X 10~ mm Hg,. In the present case the saturation
emission was 1 mA. Both the pressure p and the current read from M, (see fig. 3) (not the
ion current itself!) have been plotted logarithmically. Only a straight line with an slope
of 45" then represents a linear relationship between pressure and current, so that with
this instrument the current increases slightly more than proportional to the pressure.
The values of the resistor R,, corresponding to the various parts of the graphs, are included
in the diagram. If the ionizing electron current is adjusted to 2.5 mA, pressures down

to about 107® mm Hg can be measured. The ion current itself may be evaluated from the
bridge sensitivity (760 £A/V) and the value of R,. .

(a few times 10~° mm Hg) the large type deviates
rather more from the proportionality in the case of
argon. This is probably caused by an incipient ava-
lanche-effect. It does not however impair the use-
~fulness of the large type in this range.

The calibration curves as far down as 10~* mm
Hg have been obtained by comparison with an
accurate McLeod gauge. For low pressures these
measurements have been extrapolated.

%) Asis known (cf. the article referred to in footnote 1)), the
calibration curve depends on the type of gas.

system is made i.ntei-nally conducting and earthed
with the exception of the parts in the vicinity of
the electrode lead-ins. Positive ions formed on the
wall — where many adsorbed gas atoms are present
— due to light from the incandescent cathode can-
not now reach the collector since the latter is posi-
tive to earth. Moreover, the earthed wall precludes
the accumulation of any wall charges, which might
indeterminately distort the potential distribution
inside the manometer tube, a most undesirable
effect, particularly at low pressures. -
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‘ 2) The ion collector, is lead in through two protube- -

rances on the head of the tube, designed to reduce
leakage current between the collector and the other
electrodes. :

3) The ion collector takes the form of wide helix
of fairly thin wire rather than a cylindrical plate,
in view of the fact that at low pressures a disturbing
effect is caused by the X-rays created by the elec-
trons impinging on the anode. Part of this radiation
reaches the ion collector and liberates electrons
from it. In this way a current flows through the
resistor R, which would be wrongly interpreted as
an ion current. When the collector has the form of
a helix the greater.part of the radiation passes
through the collector. The fairly thick lead-in wires
of the collector are enamel-covered, to prevent
their being hit by the X-r:ays.

This X-ray effect is one of the most important
factors putting a lower limit to the measuring range
of an ionization manometer. Alpert 7), who was the
first to adopt measures for suppressing this effect,
used a very small and carefully situated collector
and was thus able to measure pressures as low as
107 mm Hg. L
4) Adequate de-gassing is particularly important
when low pressures are to be measured. The three
concentric electrodes (control grid, anode and
collector), are mounted without supports, but each
have lead-in wires at either end so that for de-gassing
they can be heated by a current. For this purpose
they can be connected together to a special winding

"of the supply transformer via a multiple switch
(not shown in fig. 3). The various wire thicknesses
and lengths of the grids are so chosen that during
this process they all assume about the same tempera-
ture. They are made of molybdenum, which remains
sufficiently rigid at high temperatures to prevent
sagging of the grids. During the process of de-
gassing, the filament may also be heated, and the
envelope may be surrounded by a’small furnace or

7) D. Alpert, New developments in the production and
measurement of ultra high vacuum. J. appl. Phys. 24, 860-
876, 1953. :
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heated in a gas flame in order to liberate the gas
from the glass wall.

In order to obtain an idea of the influence of the above-
mentioned X-ray effect, we have combined the ionization
manometer with a mass spectrometer into a closed unit, A
mass spectrometer can in principle be regarded as a sort of
ionization manometer (fig. 6): here, too, the ion current
impinging upon the collector is a measure of the gas pressure.
Tn a mass spectrometer, however, the collector is so situated
that it cannot be reached by X-rays from the anode.

833n

Fig. 6. Principle of a mass spectrometer. The gas to be analyzed,
under low pressure, fills the entire spectrometer and is, there-
fore, also present in the jonization chamber .4, where an elec-
tron current perpendicular to the plane of the drawing ionize
the gas molecules. The ions thus formed are accelerated by
the accelerating and focussing electrodes B. The magnet C
produces a field perpendicular to the plane of the drawing,
and is so adjusted that ions of the desired component of the
gas impinge upon the collector D.

The mass spectrometer was first calibrated as a manometer
in the range 10~%-10~7 mm Hg by comparison with the joniza-
tion manometer, the system being filled with argon. (It was
known that this mass spectrometer was capable of measuring
pressures down to 102 mm Hg.) By prolonged pumping
of the system, the pressure measured with the mass spectro-
meter reached about 10~ mm; nevertheless the ionization
manometer did not indicate lower than about 108 mm Hg.
This, therefore, constitutes the limit of the measuring range
for this type of manometer.

Summary. An jonization manometer with four electrodes is
described. The ionizing electron current is stabilized by means
of a grid at constant potential placed near to the cathode and
a high resistance in the. cathode circuit. The ion current is
measured with a Wheatstone-bridge, two of whose branches
consist of pentodes (E 80 F), the other two branches being
resistors.  The ion current passes through the control-grid
circuit of one of the pentodes, thus unbalancing the bridge.
A microammeter serves as the indicating instrument. Some
measures for improving the accuracy at low pressures are
discussed. The measuring range extends from about,10~2 mm
Hg to approximately 10 mm Hg. The lower limit is restricted

. by the fact that under the influence of X-rays from the

anode, electrons are liberated from the collector.
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2184: Y. Haven and J. H. van Santen: Electrically.

and elastically active relaxation modes (J.

chem. Phys. 22, 1146-1147, 1954 (No. 6)).

An assembly of particles, each of which can move
about in a system of potential wells separated from
each other by energy barriers, proceeds toward the

equilibrium distribution with a velocity given by

a sum of exponential functions of time, i.e. there are
a number of relaxation modes. The number of the
- relaxation modes and their symmetry properties
are briefly discussed. For charged particles, some
relaxation modes correspond to a change of electric
moment (electrically active modes) while other
modes correspond to redistributions of the particles
that can be brought about by mechanical means
(e.g.- hydrostatic pressure, stretching or shear
stresses). Some examples are given.

2185: J. M. Stevels: Iron in glass (Proc. Int. Comm.
Glass 1, 68-76, 1154).

Agreements and discrepancies are outlined con-
cerning the explanations of the colour of iron-con-
taining glasses. Proposals are made to introduce a
“language” to be used in glass technology to describe

the problems in a more general way, without refer- .

ence to pre-conceived theories. The situation in a
glass may probably be described by three parameters,
namely: a structural parameter, a, which describes
approximately how the rest of the network influences
the position of the iron in the network; a reduction
parameter, f, which indicates to what extent the
glass is oxidized or reduced; and an -electronic
energy parameter, ¥, which defines the ease with
which electrons move within the medium consisting
of oxygen ions.

2186: P. Baeyens: Eleéti’oplaﬁng with modﬁlated

current (to be published in Trans. Inst. Met.
Finishing 31, 1954). ' '

A review of the many methods of electroplating -

with “modulated” current. The adjective “modu-
lated” is proposed in this connection for a plating
current that undergoes periodic variations in value
_or in sign. An extensive survey of the literature is
given (excluding anodic oxidation and the formation
of conversion coatings). :

2187: H.P.J. Wijn: Quelques propriétés physiques
des ferrites (Onde électrique 34, 418-424,
1954, No. 326). (Some physical properties of
ferrites; in French.) / :

After a brief survey of the chemical and physical
properties of the férromagnetic ferrites used in h.f.
techniques, some special properties of ferrites are
reviewed. The use of Ferroxcube as cores for high Q
coils and for transformer cores is discussed. It is
also shown that powdered ferrites can in principle
be used at higher frequencies then the same material -
in solid form. Measurements of the magnetization
curve of ferrites are given, from which conclusions
may be drawn regarding the distortion caused by
ferrite cores in’ circuits. Finally, a glass-enclosed
ferrite ring haying a rectangular hysteresis loop is

described. -

2188: J. S. C. Wessels: A possible function of
Vitamin K in photosynthesis (Rec. Trav.
chim. Pays-Bas 73, 529-536, 1954 (No. 7)).

It is postulated that vitamin K plays a part as
energy acceptor and hydrogen donor in photo- -
synsthesis. Indications are given which may support
this hypothesis. A possible function of Vitamin K
in the process of oxidative phosphorylation is
suggested. l

2189: W. Elenbaas: Gasentladungslampen (Va-
kuum-Technik 2, 36-42, 1954, No. 2). (Gas
discharge lamps; in German).

Review of modern gas-discharge lamps, against
the background: of the physical processes involved.

Low-pressure fluorescent lamps are dealt with first,

with a short account of the concept of colour-render-
ing and colour-temperature. The conditions for the

‘attainment of optimum efficiency in these lamps

are also described. Increasing the vapour-pressure .
leads to increased efficiency of the discharge itself
(i.e. -without regard for the fluorescent powder
coating). Lamps of this type (high and super-high
pressure lamps) necessitatef changes in construction
and manufacturing processes, due to the increased
loading of the discharge-tube walls and the resulting
higher wall-temperature. A summary is given of the
more common types of high and super-high pressure
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lamps being manufactured at the present time,

together with their applications.

Of the remaining gas-discharge lamp types, sodium
lamps are described, followed by a short discussion
of neon lamps, and, finally, of neon sign lamps.

R 241: J. S. C. Wessels: Investigations on photo-
sythesis; the Hill reaction, Part II (Philips
Res. Rep. 9, 161-196, 1954, No. 3).

Continuation of R 240. The possibility of- the
formation of free radicals in the Hill reaction is
discussed. Neither polymerisation of acrylonitrile
nor formation of phenol in the presence of benzene
could be demonstrated. From this it is concluded
that free radicals are either mnot present, or only
present in very low concentrations. It appears that
the standard potential of the compound concerned
chiefly determines its suitability to serve as a Hill

- oxidant. The maximal reducing power of chloro-

plasts in vitro is highly dependent on the oxygen
concentration. In an oxygen atmosphere, final
potentials lower than about 230 mV were never
attained, whereas the lowest final potential observed
upon exclusion of oxygen was about zero. Redox
systems with a negative standard potential, the

reduction of which requires more energy than’

corresponds to one light quantum, are hardly
reduced at all by chloroplasts. The theoretical and
biochemical aspects of these results are discussed
at length and a simplified scheme for the Hill
reaction is proposed. The reaction mechanism can
be interpreted satisfactorily by this scheme. The
influence of a number of inhibitors upon the Hill
reaction was investigated and some discrepancies
occurring in the literature cleared up. The fact that

the reaction rate is not influenced by p-chloromer-

curibenzoate’ and p-aminophenyldichlorarsine indi-
cates that free SH groups are not essential for the
activity of thechloroplasts.

R 242: K. F. Niessen: Spontaneous magnetization
as a function of temperature for mixed
crystals
temperatures (Philips Res.
208, 1954, No. 3).

For mixed crystals of ferrites with more than
one Curie temperature it is shown by an example

of ferrites with several Curie

Rep. 9, 197-

how the spontaneous magnetization can be cal-,

culated as a function of temperature.

R 243: J. B. de Boer and A. Oostrijck: Reflection
properties of dry and wet road surfaces
and a simple method for their measurement

(Philips Res. Rep. 9, 209-224 1954, No. 3).
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During the last 20 years or so, much work has
been devoted to the study of the reflection proper-
ties of road surfaces. However, for the purpose of
road lighting, the results published up to now are
either incomplete or insufficiently accurate. Methods
and equipment which have been applied up to
now for the measurements of the reflection properties
of road surfaces are rather complicated. The very

simple means used by the authors for making

measurements in the laboratory and in the field

. are briefly described. In this paper quantitative

data are given on the reflection properties of a
number of road surfaces common in the Netherlands.

These data have been given for those derections of

light incidence and observation which are of im-
portance in public lighting practice. They have
been presented in a special diagram in order.to
enable the public lighting engineer to make calcu-

_lations on the luminance of road surfaces in a

quick and simple manner.

R 244: F. van der Maesen and'J. A. Brenkman:
The solid solubility and the diffusion of
nickel in germanium (Philips Res. Rep.
9, 225-230, 1954, No. 3).

Nickel produces rapidly diffusing acceptors in
germanium, just as copper. Hall and resistivity
measurements show the existence of a Ni acceptor
level lying 0.23 eV above the valence band. On the

.basis of this picture, the solid solubility between

700 and 900 °C is derived from. resistivity measure-
ments. From these values and the liquidus curve
of the phase diagram Ge-Ni, the distribution coef-
ficients (k) at various temperatures are calculated.
The distribution coefficient (k*) of Ni at the melting
point. of Ge is calculated to be 1.8 107 according
to a method of Thurmond and Struthers. The dif-
fusion coefficient of Ni in Ge is measured between
700 and 850 °C; the activation energy of diffusion
is found to be 21 kcal/mole. Annealing of a Ni-
saturated Ge sample restores the original resistivity.

R 245: M. E. Wise: Converting a number distri-
bution of particle size into one for volume
or surface area (Philips Res. Rep. 9, 231-
2317, 1954, No. 3).

A number distribution of equivalent radii of
particles in a powder can be accurately converted
into a distribution by volume or surface area, even
if the data are highly and/or non-uniformly grouped.
A formula is derived to do this and is applied to a
microscopic analysis into a frequency distribution
of radii between 1, ]/2 2, 2J2 4,.........units. *
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R 246: C.G.J. Jansen, R. Loosjes and K. Compaan:
The velocity distribution ‘of -electrons of
thermionic emitters under pulsed operation,
Part II. Experimental results and a tenta-

tive theoretical explanation (Philips Res.
Rep. 9, 241-258, 1954, No. 4).

The velocity distribution among electrons emitted
by metallic and oxide-coated cathodes is investi-
gated by means of the apparatus described in a
previous paper (R207). Both under square-pulsed

and DC loads metallic cathodes emit electrons with

a single well-defined velocity. BaSrO and SrO
‘coated cathodes, on the other hand, show under
‘pulsed operation a dispersion in electron velocities
up to several hundreds of volts with spectra con-
sisting of a set of more or less discrete lines. Under
.a DC load the same oxide coatings emit electrons
with nearly uniform velocities, the spectrum con-
‘sisting of one rather sharp line. When DC is added
to a square-pulsed load the line spectrum gradually
contracts into a single line when the proportion
DC is increased. Coatings of BaO, ThO,, and of a
mixture of (BaSr)O and nickel powder give a one-
‘line spectrum, although this line is less sharp than
with metallic cathodes. The velocity spectra of
(BaSr)O and SrO are explained by a high resistance
in the surface layer of the coating which arises
owing to the combined effect of the conduction
through the solid material and through the pores.
. The occurence of discrete lines is tentatively attri-
buted to the combined effect to the potential dis-
tribution in the surface layer, of secondary emis-
sion, and of the geometry of the pores. The effect
of a DC load is ascribed to polarization in the oxide
layer. '

- R 247: L. M. Nijlénd: Some i]ivestigations on the ‘

electrical properties of hexagonal selenium

(Philips Res. Rep. 9, 259-294, 1954, No. 4).

A short survey of the recent literature on selenium
is given in the first section. The resistivity of poly-
crystalline, hexagonal seleniuta can be lowered by
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halogens and can be raised by thallium. No reliable
data on fundamental .quantities like hole densities
and mobilities are found in the literature. Investi-
gations on these subjects are described in the
next sections. A method to purify selenium by
evaporation near its melting point is developed
High-frequency measurements of the conduc-
tivity of pure and of thallium-doped selenium
samples are consistent with the assumption that
polycrystalline selenium consists of rather well-
conducting crystals embedded in badly conducting
layers of more or less amorphous selenium. Thallium
increases the resistance of the 'layers and does
not or only slightly affect the resistance of the
crystals. Measurements of the
of the shunt resistivity vs. frequency of pure and
of bromine-containing selenium samples point to
the same layer structure. Bromine does not affect
the resistivity of the crystals but lowers that of-
the layers. Single crystals prepared in a bromine-
containing atmosphere have the same resistivities
as pure crystals. Thelast section contains a discussion
of the .experimental results and points to a model
with both amorphous and crystalhzed parts in the
same selenium chain.

R 248: E. W. Gorter: Saturation magnetization
and crystal chemistry of ferrimagnetic
oxides, Part I (Philips Res. Rep. 9, 295-
320, 1954, No. 4). .

Measurements of the saturation magnetization
(o) against temperature are carried out for a num-
ber of mixed crystal oxides with spinel structure.
The results are in agreement with Néel’s theory of
ferrimagnetism: the resultant magnetic moment m

" is the difference of the moments of the tetrahedral

(4) and octahedral (B) sublattices, either (a) with
complete parallelism of the ionic moments inside
each sublattice, or (b) with angles between the
ionic moments inside one of the sublattices. The
spinel structure is described in section 1.1; experi-
mental and  theoretical data from literature on
catlon distribution are summarized in sectlon 1.2..

Hall effect and -
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In the construction of capacitors in recent years, use has often been made of ceramic materials
such as BaTi0,, which. exhibits a very high value of the dielectric constant within a limited
temperature range. It is desirable to reduce the temperature variation of the dielectric constant
as much as possible, while retaining its high value. This may be done in a number of ways,
such as by using mixed crystals of BaTiO, with other related compounds and by “diluting”
the material with substances forming a second phase. A few examples are described here.

Introduction

Barium meta-titanate, BaTiO, (hereafter referred
to simply as barium titanate), is a crystalline solid
exhibiting the same crystal structure as the mineral
perovskite (CaTiO;). For rather more than ten
years it has been increasingly used because of its
unusual dielectric properties. It was already known
that titanium dioxide (TiO,) had a large dielectric
constant, viz. about &= 114, averaged for all
_crystal directions. For some compounds of titanium
dioxide with other metal oxides, even larger
values of ¢ were found. Of the simple compounds,
barium titanate exhibits the greatest value. This
material, however, exhibits a remarkable peak in
its dielectric constant-temperature curve ). As can
be seen in f ig. 1, the dielectric- constant of barium
titanate shows a very high maximum (¢ ~ 10,000)
-at T =123 °C and a slight peak at T = 10 °C.
These peaks correspond to crystallographic transi-
tion points. Above 123 °C, barium titanate forms
cubic crystals, between 10 °C and 123 °C, tetragonal
and below 10 °C, rhombic 2).

. Below 123 °C, BaTiO, has a number of other
- remarkable properties which can be combined under
the name “ferro-electric” properties. These are:
a) the dielectric polarization exhibits the phenom-
enon of hysteresis, so that a residual polarization or

1) G. H. Jonker and J. H. van Santen The ferro- -electricity of
titanates. Philips tech. Rev. 11, 183- 192 1949/50; further
referred to as I,

2) Below —170 °C, BaTi0; is rhombohedral The transition
point, which also gives rise to a low maximum of ¢ (see I,
ﬁg 4}, is not shown in fig. 1.

remanence can occur; b) the dielectric constant is
dependent on thé amplitude .of the alternating
voltage used for the measurements and on the direct
biassing voltage which may be applied.
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Fig. 1. The dielectric constant ¢ of BaTiO, as a function of
temperature T. The curves a, b, ¢, d have been measured for

. specimens sintered at 1400,1350,1300and 1280 °C respectively.

In the same order the size of the crystals decreases from about
100 . to 5 p. The maximum at 123 °C corresponds to the tran-
sition from cubic to tetragonal structure, the maximum at
about 10 °C to.the tran51t10n from the tetragonal to the
rhombic structure.



130 . . - PHILIPS TECHNICAL REVIEW

-These special properties form an obstacle to the
use of barium titanate in capacitors for use in
oscillators. Apartfrom small temperature dependence
of ¢ and low dielectric losses (tan § << 107%), an
essential requirement in  this case is that the
dielectric should not possess property (b).

The conditions are less rigid for coupling and
by-pass capacitors in amplifiers and for smoothing
capacitors and capacitors for interference sup-
pression. We shall direct our attention in this
article to this sort of application, for which the
principal requirement - is that the  capacity is
large in comparison with the dimensions. Variations
of 109, in both directions, resulting from tem-
perature changes and from a voltage bias, are
permissible. The dielectric losses may also be much
greater (tan 6 < 0.03). .

Even these moderate demands cannot be met by
BaTiO,. In particular, the strong dependence of ¢
on the temperature raises objections. This material
only shows large values of ¢ in a limited temperature
range which, furthermore, is unfavourably situated.
Fortunately it is possible to modify the properties
of barium titanate in various ways. In the first place,
by careful choice of the firing process, the ¢ peak
can be considerably broadened. Further, one can
work, not with BaTiO,, but with mixed crystals of
this substance with related compounds, obtained by
replacing either the Ba-ion, or the Ti-ion, or both,
by analogous ions. In this way the ¢ peak can be
shifted to a more suitable temperature range,
independent of the methods employed to make the

peak broader. One can also “dilute” the material
with another substance, either of related composi-
tion or not, which can behave as a second phase
between the crystals of the original material. If the
material chosen for this purpose has a smaller
temperature dependence of ¢, then the dependence
_on temperature of the mixture will be decreased.
Finally, the properties can be favourably influenced,
not only through the firing process, but by the
admixture of small amounts of substances of
different structure, which may dissolve in the
material’ or settle along the ecrystal boundaries.
Combinations of these measures mow make it
possible to prepare a series of materials related to
BaTiO;, which do meet the requirements described

above and which have been responsible for an

. increase in the application possibilities for materials

with a large dielectric constant. We shall now consi-

der these possibilities in more detail.

In.ﬂuencmg the tran51t10n pomts of BaTiO,
The sharp peak in the & T curve for BaTlO3 at

VOIL. 17, No. 5

T = 123 °C appears to be dependent on the manner
of preparation of the material. For densely sintered,
coarse crystalline material, with crystals of dimen-

sions greater than 100.p, a very high maximum is

found, with a sharp drop on the lower temperature
side. The graph of ¢=f(T) (see fig. 1, curve a)
corresponds closely to that of a single crystal 3).

If the material is prepared so that the crystals ‘

are much smaller, the maximum becomes lower and. '
_wider (fig. 1, curve d %)). From a thorough investiga-

tion by means of X-ray diffraction photographs and

from measurements of the specific heat (carried out
in co-operation with J. Volger in the Research
Laboratory at Eindhoven) it appears that in the
ceramic material the crystallographic transition,
which for a single crystal is sharply defined and
takes place at a particular temperature, can be
spread out over a large temperature range, e.g.
between 100 °C and 170 °C. In this range one finds
a mixture of two crystal forms, viz. the cubic, which
is stable above 123 °C for a monocrystal, and the
tetragonal, which occurs below 123 °C for a mono-
crystal. :

That individual crystals of BaTiO; can have such
divergent transition points is attributable to the
fact that the tramsition point of BaTiO; is very
sensitive to outside influences. This appears from
the following thermodynamic considerations.

We start from the formula for the Gibbs free
energy G:

G=U-TS+pV,..... (D

where U is the energy, S the entropy, p the pressure

and ¥V the molecular volume 5). Since TdS = dU +
pdV it follows that:

d6 = —SdT+ Vdp. . . . . (2)
In fig. 2 the variation of the Gibbs free energy of

- the cubic pl_xase‘ (G¢) and of the tetragonal phase
(Gt) are schematically represented in the neighbour--

hood of the transition point. Since

oG
—| =—8,
(57,

the slopé of these lines is detérmined by the entropy

S .of the phases; ‘t‘he angle between the lines is
determined by the difference in entropy A4S =
S¢ — St, and thus by the heat of transition

AH= T 48,

3) W. Merz, Phys. Rev. 75, 687, 1949.

4) cf. H. Kniepkamp and W. Heywang, Z. ang. Phy51k 6,
385-390, 1954 (No. 9). -

5) E.g. see J. D. Fast, Entropy in science and technology,
- Philips tech. Rev. 16, 258-269 (esp. page 267), 298-308 and
321-332, 1954/55 (Nos. 9, 10 and 11). ,
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where Ty is the transition temperature between the
tetragonal and cubic phase.

If, by some means or another, the values of Gy
and. G; are changed by amounts dG¢ and dG., which
are not equal: ’

dGe— dGy = 4dG F 0,

it follows from simple geometrical comnsiderations
that the transition temperature is shifted according
to the formula:

436
a5

446G

.cht= CtE'

)
For Te = 396 °K and AH = 220 joules/mol (ac-
cording to the measurements of J. Volger) we find :
dT = 1.8 4dG —— C (4)
- Jjmel” = T 7

"For some external influences AdG is s1mp1e to
calculate. Consider, for example, - the effect of
external pressure. If the external pressure increases
by an amount dp, at constant temperature T,

" 84242

Fig. 2. Variation of the Gibbs free energy G with the tem-
perature T (schematic) for cubic BaTiO; (G¢) and for tetra-
gonal BaTiQ; (Gt). The point of intersection of these lines gives
the transition temperature Ter. This point is displaced if,
for any reason, the lines G, and G are moved over dlﬁ'erent
distances dG. and dG..

equation (2) becomes dG = Vdp, and we obtain,
. by substitution in eq. (3), the well-known equation
of Clapeyron: ' '

cht - Tct

Avap
AH

. 6)
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The most important component of 4V is the spon-_
taneous change of volume at the transition point,

Ve— Vi

Table I. Dimensions of the elementary cell of BaT10 at the
transition point (T = 123 °C).

a b c v 14
inA | indA. | ind | in A% | in em?
Cubic (c) 4.006 | 4.006 4.006 | 64.288 | 38.701
Tetragonal (t) 4.000 | 4.000 4.021 | 64.336 | 38.730
Difference (¢ —t)| 0.006 | 0.006 |—0.015 |—0.048 [—0.029

In Table I, AV is calculated from the formula
V = Ny v, where vis the volume of the elementary
cell (v = abc)®) and N, is Avogadro’s constant
(6.02 x 10%/mole). With the help of these figures
we find for a uniform pressure p:

AT =—5.2 X 107 p °C per newton/m?. . . (6)

or (since 1 atm = 101,325 newtons/m?), —5.3 °C
per 1000 atm, which agrees fairly well with the
value found experimentally by Merz?) for smgle
crystals, viz. —5.8 °C per 1000 atm.

If the external pressure does not act isotropically,
account must be taken of the fact that in the
transition from the cubic to the tretagonal phase,
the orientation of the tetragonal crystals is preferen-
tially influenced by the direction of the external
force. Equation (2), which.only takes account of
pressure acting in all directions, is not valid in such
a case. Under uni-directional pressure a tetragonal
crystal occurs with the ¢-axis perpendicular to the
direction of the pressure. In such a case Ty in-

creases as a result of the pressure so that:
AT = +11.2 X 10° p °C per ne{vton/mz. (7)

If the crystal be subjected to a tension, the

tetragonal form is orientated so that the c-axis lies

in the direction of the force, and T also incréases 8):
AT = +27.7x107%p °C per ne{vton/mz. R ()

For aforce of 1000 kg/cm? (approx.108 newtons/m?),
we find AT to be 11 and 27 °C respectively.
It is thus clear that internal stresses, which may

%) For this purpose use was made of unpublished measure-
ments by M. G. Harwood, Material Research Lab.,
‘Philips Electrical Ltd., Mltcham, England.

?) W. Merz, Phys. Rev. 78 52-54, 1950.

- Compare equation (6) with that for the equﬂlbnum of

ice and water, for which AT = — 8.8 x 10-8 p °C/

. (N/m?). Despite the fact that 47 is much larger (viz. 2 cm?

compared with about 0.03 for BaTiO;) 4T/p is of the same

order of magnitude because AH is much greater for water-
ice(about 6000 J/mol against 220 J/mol for BaTiO3).

8) See also P. W. Forsbergh, Phys. Rev. 93, 686-692, 1954,
who has found experimentally a quadratlc effect for a
pressure applied in two directions.
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_arise from non‘uniform cooling and which may be

of the order of 1000 kg/cm?, can easily result in a
spread of some tens of degrees in the transition
temperature. It has been shown experimentally
- that, particularly in fine crystalline material, the
" spread may range from 100 °C to 170 °C.

The Gibbs free energy and with it, the transition

point can be influenced not only by internal stresses
but also by other causes, which do not appear in
equation (2). As an example of such effects, we will
consider the difference in free surface energy between
the tetragonal and cubic phases. It is obvious that
this effect will be most strongly felt in fine crystalline
material, where the total internal surface is greatest.
Such material is generally obtained by sintering at
as low a temperature as possible. It is then probable
that the crystal growth is so incomplete that many
faults occur in the lattice, which may also make a
contribution to the Gibbs free energy.

From the above it is clear that by means of a

combination of several measures it is possible to

alter radically the ¢ — T curve of the pure material.
Further variation in the form of this curve can be
obtained by making use of mixed crystals, which
we shall now discuss further

Mlxe(l crystals of BaT103 with related compounds

-Barium titanate forms mixed crystals with many
other substances which, like itself, crystallize in
the perovskite structure. Even quite small quantities
of these substances affect the e-T curve appreci-
ably. The effect of SrTiO, has been thoroughly
studied (see I). This substance causes all three
transition points to shift to lower temperatures.
" By the addition of SrTiOj;, the peak can be displaced
from 123 °C to a temperature in the range in which

the capacitor is to be used. For mixed crystals
containing 75%, BaTiO, and 259, SrTiO; for exam-

ple, the main peak lies at about 50 °C.

The same is found when the Ti-ion, instead of the
Ba-ion is replaced, for example, by mixing with
BaZrO; or BaSnO;. The zirconates and stannates
shift the main peak to lower temperatures.

In such mixed crystals of BaTiO; with zirconates
and stannates and other titanates, the volume change
at the transition point is smaller and hence the
effect of mechanical stresses is smaller. The spread
at the transition point is therefore smaller and the
peak in the &-T curve sharper?), at least in the
case of well sintered, somewhat coarse crystalline
specunens ‘

9) *G. A. Smolenski, M. A, Karamyshev and K. I. Rozgachev,
Doklady Akademii Nauk. S.S.S.R. 79, '53-56, 1951.
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The desired widening and lowering of the peak
must therefore be obtained by other means, such as -
the effect of crystal size (small crystals are favour-
able) and of lattice faults and inhomogeneities.

Sometimes, in the case of mixed crystals,-special
circumstances help in achieving the desired widen-
ing of the peak. The'second transition point, which
for pure BaTiO, lies at 10 °C, is shifted to higher
temperatures by the addition of BaZrO, or BaSnO,.
For mixtures in certain proportions the first and
second ftransition points coincide (see fig. 3 and 4).
Mixed crystals for which the two transition points
lie close together, show a broadel lower peak in
the &-T curve.
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Fig. 3. &-T curves for mlxed crystals of BaTiO,; and BaSnO,.
The figures beside the lines give the percentage of BaSnO,
present. The mixed crystals have a higher &£ maximum than -

. pure BaTiO,. For specimens where the first and second maxima

lie close together (see fig. 4) a disturbance occurs which m'lkes
this effect less obvious.

v

Often when making dielectric material’consisting

“of mixed crystals, a wide maximum in the &-T curve

is obtained without taking any special measures to
achieve this. In manufacturing these products, the
basic ingredients are powdered carbonates and

oxides, such as BaCO;, SrCO;, TiO, and ZxO,. These

" materials have to react with each other in the solid

state, for which purpose diffusion of the ions must
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take place. At low firing temperatures both the
chemical reaction and the diffusion take place slowly,
_so that the formation of crystals is incomplete,
resulting in small crystals, inhomogeneities and
consequent widening of the e-peak. This applies
particularly to the case where ZrO, is present.

130°C,
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Fig. 4. The effect of BaSn0, on the transition points of BaTi0,
(an almost similar ﬁgure applies for additions of BaZrQ,)
¢ = region of cubic structure, t = tetragonal, r = rhombic.

Influence of a second phase

 Another possible means of 1educmg the tem-
perature dependence of the dielectric constant of
the materials under discussion, is to dilute them

with a substance which shows little or no variation

of the dielectric constant with the temperature. A
mixture of ceramic dielectrics behaves roughly
according to the Lichtenecker rule of mixtures 1%):
loge=wv,log e +vylogey,. . . . (9)
where v, and v, are the volume fractions of compo-
nents with dielectric constants ¢ and &,.
If the dielectric constant of the first material has
the values &4 and &}, -at temperatures Ty and T}

respectively, and that of the second &, and £2b, We
then find from the rule:

log sa = v, log &14 -+ v, log &34,
log &y, = v, log &p + v, log &b,

log (ea/ep) = v, log (e1a/&1b) + v, log (&2a/2b)-

1) K, Lichtenecker, Phys. Z. 27, 115-158, 1926.
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" Now if ¢ for the second phase shows only a small .

dependence on T, so that ey/e,}, differs only slightly -
from unity, we see that the mixing has resulted in
the logarithm of £,/¢p, being multiplied by a factor
v; (<1), which is independent the value of &."

- It is seen from (9) that in order to achieve a large
final value of ¢, it is desirable to choose as the second
phase some material which itself has a large value
of ¢. From this point of view it is fortunate that
CaTiO, and BaTiO,, although both crystallizing

in the perovskite structure, differ so greatly in the

dimensions of their elementary cells that they do not
form mixed crystals in all proportions; in certain

: partlcular PIOPQTthDS the mixture SPlltS into tWO

phases, onerich and one poor in calcium. Now CaTiO,
itself is a material with a fairly large value of ¢
(¢ =130 at roam temperature); the ¢-T curve
exhibits no peaks. The temperature coefficient is
negative and constant over a large range of tem- .
peratures; its value is given by: '

1 de ’ :
— — =—1500%x107¢(°K)™,
e dT X ( . )

The Ca-rich phase of mixed crystals of Ca- and Ba-
titanate also has a constant negative temperature
coefficient. The Ca-rich phase is therefore the ideal
material to improve the T curve of the Ba-rich
phase. This is still valid if a third substance of
perovskite structure is added to shift the peak to
a lower temperaturé. Furthermore, the remaining
peak can, of course, be made wider and lower by‘
firing at low temperatures to encourage inhomogene-
ity. An added advantage here is that the miscibility
of Ca- and Ba-titanates decreases with decreasing
temperature. During the cooling process after
firing, therefore, a segregation takes place which
does mnot lead.to an equilibrium state, This pro-
duces extra inhemogeneity and internal stresses,
which make the maximum of the &-T curve still
broader. ' -

We shall now discuss two systems in which the
above-mentioned segregation plays a part.
1) The system BaTiO;-SrTi0,-CaTiO,. This system
with five components (Ba, Sr, Ca, Ti, O) is in fact
a ternary system; it is restricted to compounds
MTiO, with perovskite structure (M = Ba, Sr or
Ca); all compositions can thus be represented °
graphically in a triangle with the three titanates at
the corners ( ﬁg 5) and each pomt is defined by two
coordinates.

- 8rTi0; forms mixed crystals in all proportlons i
with both BaTiO, and CaTiOj. It crystallizes cubic-
ally with a lattice constant (3.90 A) lying between
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’

the average values for all crystal axes of CaTiO,
(3.82 A) and BaTi0, (4.00 A), both of which deviate
slightly from cubic crystal structure. In such a case
the miscibility of the original components (Ca and
Ba here) usually increases as more of a third
component (here Sr) is added. This in fact occurs
in the present case, as may be seen from fig. 5, which
shows the segregation area (two-phase area). In
this region a number of straight lines have been
drawn approximately parallel to the BaTiO4-CaTiO,
side. These are the so-called co-existence lines or

connodes. The ends of each connode, lying on the

boundary of the two-phase area, give the compos-

itions of the two-phases into which a mixture, re-.

presented by a point on the connode, separates out.

84152

CaTi 03

¢ ¢ 2
BaTi O3 e, =, N

SrTt0;
Fig. 5. Phase diagram at 1350 °C of the combination BaTiO,-
SrTi0,-CaTiO,. BaTiO, and CaTiO, are only partly miscible:
random mixtures of these two materials separate out into two
equilibrium phases, viz. mixed crystals of 269, CaTiO, + 74%
BaTiO, and mixed crystals of 899 CaTiO; - 119 BaTiO,.
The miscibility is improved by the addition of SrTiO,. In the
segregation region, the straight lines (connodes) join the mixed
crystals which are in equilibrium with each other. -

The quantities of the two phases are inversely
proportional to the distances of the point from the

“two ends of the line. A number of the mixtures
studied are plotted in fig. 5, and in fig. 6 the -
‘corresponding ¢ — T "curves are shown.

2) The system BaTiO4;-CaTiO4-BaZrO, CaZrO

-This can also be represented in a plane diagram,

~ because only compounds with the formula ABO,

.

occur, all of which crystallize in the perovskite
structure. The number of independent variables
is thus once more-two: the ratio Zr/Ti can be ex-
pressed by the fraction x/(1—=x) and the ratio Ca/Ba
by the fraction y/l—y). If x and y are plotted as
perpendicular coordinates, then all possible com-
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Fig. 6. &-T curves for sintered specimens, composed of BaTiO;,
SrTiO,; and CaTiO,, corresponding to the compositions 1 to 6
in fig. 5. Compositions 3 to 6 lie in the two-phase region and
in this.order contain increasing amounts of the phase rich in
CaTiO,, which makes the &-T curves increasingly flat. -

700°C

positions can be found within the square 0<x<<1,
0<y<l. The position of the e-peak is mainly
determined by the ratio Zr/Ti, thus by the para-
meter x. Fig. 7 shows the segregation area with the
connodes and fig. 8 the &-T curves for the four
specimens whose compositions are defined in fig 7.

CaTi 0
1,00

0 0,20 0,40 100
BaTi0; — X BUZ‘OJ

Fig. 7. Phase dlagram at 1300°C of the system BaTiO,-
CaT103 -CaZr0,-BaZrO, with two perovskite phases (shaded
areas). The ratio. Zr/Ti is x/(1—x), the ratio Ca/Ba is y/(1—y).
The straight lines in the segregation region arc the connodes.
From the direction of the connodes it can be seen that the
combination BaZrO; + CaTiO, is more stable than the
combination BaTiO, 4- CaZrO,.

0,60 0,80
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This system has also been described by Mec
Quarrie and Behnke ). Our results differ some-
what from their’s, especially in the area in the
neighbourhood of the BaTiO,. corner, which is so
important for practical dielectrics and which we
therefore studied more particularly.

84155
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Fig. 8. &-T curves for sintered specimens prepared from
BaC0Q;, CaCO,, TiO, and ZrO,, corresponding to the com-
positions I to 4 in fig. 7. Here too, the strong flattening action
of the increasing proportions of the phase rich in CaTiO, is
demonstrated. ‘

80°C

As was evident from the work of the above-
mentioned authors and can be seen from fig. 7,
the connodes lie in such a way that the system
practically falls into two ternary systems, viz.
the systems CaTiO;-BaTiO;-BaZrO,; and CaTiO,-
CaZr0O4-BaZrO,.

The behaviour expressed in fig. 7 can be more easily under-
stood if the system (Ba, Ca) (Ti, Zr)O, is compared with a
simpler system which behaves in very much the same way,
viz. that of Fe-Ni-FeO-NiO. This system is also determined by
two parameters, viz. the ratio Ni/Fe and the ratio oxide/metal.
For the sake of simplicity, oné¢ can assume that no metal
dissolves in the oxide and no oxide in the metal. The one-
phase areas thus shrink to the sides Fe-Ni (y=0) and FeQ-NiO
(y = 1) (see fig. 9). If a mixture of Fe and Ni is partially
oxidized, mainly FeO will be formed because of the greater
affinity of Fe for O. The two-phase lines (connodes) thus be-
. come straight lines running’ from the FeO corner (xa0,
¥ = 1) to points on the FeNi line (y = 0). On the other hand,
if a mixed oxide crystal (Fe,Ni)O is partially reduced, mainly
Ni will be formed and thus the metal in the diagram is repre-
sented by’ a point which coincides nearly with the Ni corner

1) M. McQuarrie and F. W. Behnke, J. Amer Ceram. Soc.
37, 539.543, 1954. T _. :
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(y =0, x ~ 1). The rest-of the diagrhm is filled with lines
joining the Ni corner to points on the NiQ,FeO line (y = 1).
If we turn our attention to the centre of the square (x = y =
0.5), we see that for this net composition, the system separates
out almost entirely into FeO 4- Ni and not into the combina-
tion NiQ + Fe, which corresponds to the other diagonal. This
is related to the fact that the reaction NiO + Fe S FeO 4
Ni 4 Q has a positive heat of reaction Q i.e. it is exothermic.
The heat of reaction mainly determines the difference in Gibbs
free energy because the differences in entropy in this case can
be neglected, and this makes the Gibbs frée energy of FeOQ + Ni
smaller than that of NiO -+ Fe, so that the former is more
stable. ’ )

In the same way the diagonal in fig. 7, ranning approximate- .
ly from CaTiO; to BaZrO; and dividing the two “ternary”
systems, indicates that the reaction '

.

BaTiO; + CaZrO, X5 CaTiO; + BaZrO, + Q

is exothermic (Q > 0), so that the right-hand combination is’
the more stable.-

A similar behaviour to that described above for
(Ba,Ca) (Ti,Zr)0O; is found for the system (Ba,Ca)
(Ti,5n)0,.

If one tries to prepare substances with the
composition (Ba,Ca) (Ti,Ce)O,, a two-phase (even
partially three-phase) system arises, in which the
phase consisting chiefly of CaCeO, has a small Gibbs
free energy. This is to be seen. in fig. 10, where the
diagonal which divides the two. néarly ternary
systems, now, runs from BaTiO; to CaCeO,, in
contrast to fig. 7.

‘In fig. 10 the substance CaCeQ, is given as

| Ca0.CeO,. The replacement of the Ti-ion by another

random tetravalent ion does not, in fact, always lead
to compounds of the perovskite type. If one attempts

NIO

o
o
~

+

FeO

Fe ' Ni
Fig. 9, Phase diagram for the system Fe-Ni-FeO-NiO (schema-

. tic). This diagram serves to elucidate fig. 7. The connodes have
been drawn in order to demonstrate that the combination
Ni 4 FeO is more stable than the combination Fe - NiO. .

'
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to prepare CaCeQ,, it appears that this does mot

crystallize in the perovskite structure, but produces

" a solution of CaO in CeQ,, which, like CeO, itself,

shows the same structure as fluorite 12). Further-
more, the cerates, including Ca0.CeO,, have a
fairly small value of ¢ (e~235). Thus the addition
of Ce to a (Ba,Ca) titamate has a less favourable

result than that of Zr or Sn.

CaTi 0

BaTiO; BaCe0s

Fig. 10. Phase diagram for the systém BaTi0Q,-CaTiO;-Ca0.

Ce0,-BaCeO, (schematic). In this diagram, besides the two
perovskite phases, a third phase with fluorite structure,
occurs in the €a0.CeO, corner. The Gibbs free energy is so
small there that the disposition of the connodes in this
dlag’ram differs from that in fig. 7.

The stability of materials with perovskite structure

The above considerations bring us to the question
of the stability of perovskite compounds. The value
of the Gibbs free energy (which determines the
stability) can be related to the degree to which the
ions do or do mot fit into the perovskite lattice.

The most important contribution to the Gibbs free energy

is, in fact, made by the electrostatic component of the lattice
energy (Coulomb energy). If, however, one compares these

contributions for the combination BaTiO, - CaZrO, with those.

for the combination CaTiO; -+ BaZr0,, it appears that when
calculated for perfect perovskite structure, they are almost
equal. The chief contribution te the lattice energy is A/a,
where 4 is the Madelung constant and a the cell dimension
for a given component. For the above substances a has the
values_4.00, 4.00, 3.92 and 4.18 A rcspcctlvely and we find
for the first-mentioned combmatlon

1 1

%00 T oo = 0500
" and for the secorid combination,
1 1
382 ¥ z1s - 00

12) H. Griinicher, Helv. Phys. Acta 24, 619622, 1951.
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Under these circumstances, secondary influences, sucb as the
fit of the ions in the lattice, become of importance in determin-
ing the difference in Gibbs free energy.

A measure of the fit of the ions in the lattice is
Goldschmidt’s tolerance factor ¢ (see I):

Ry +Ro

~ B+ Ro)y2
Here RA, RB and R, represent the radii of the large
metal ions (A), small metal ions (B) and oxygen
ions (O), all imagined to be spherical. Compositions
which fit well, like SrTiO,, have a value ia1. Ba
compounds also fit fairly well. Ca compounds show,
greater deviations, as can be seen. from Table II.

(11)

Table II. Tolerance factor t for various perovskite compounds,
calculated with the help of ion'radii corrected accordmg to
Zachariasen.

CaTiO, 0.94 BaTiO, 1.07
CaSnO, 0.91 BaSnO, . l.025
CaZrO, 0.87 BaZrO, = - 0.98

© “CaCe0y,™.. 0.82 BaCeO, - 0.92

If one takes the value of |t — 1| as a measure of
the Gibbs free energy, then the most stable com-
bination in the (Ba, Ca) (Ti, Zr)O; system will be
found to be BaZrO; + CaTiO; In the (Ba,Ca)
(Ti, Ce)Oj; system discussed above, the combination
BaCeQ, 4 CaTiO; would be the more stable accord-
ing to the table. But the “compound” Ca0.CeO,
which, as stated above, possesses a fluorite structure,
has a so much smaller Gibbs free energy than the
hypothetical CaCeO,; that as a result the other
combination, BaTiO, + Ca0.CeO,, is the more stable.

Effect of foreign admixtures

Up to now we have spoken mainly about influen-
cing the behaviour of BaTiO; by formation of mixed
crystals with substances which also have a perov-
skite structure. It has also become apparent that

" many other  substances will dissolve in small

quantities in BaTiO; and sometimes have a marked
effect on the form of the ¢ — T curve. Itis not yet
known with certainty whether their influence is due
to their hinderance of the crystal growth orto some
specific influence i in the material itself. In either case,
the transition temperatules are not shifted (or are
shifted only very slightly); the added quantities are
too small for that. Probably the principal action is
upon the crystal growth during the sintering
process and in hindering the transition from the
cubic to the tetragonal phases. This change in
crystal structure occurs by a whole row of ions of

one kind moving with respect to a row of another -

kind. If thq crystal structure is now disturbed by
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solutions of foreign materials which do not fit into
the perovskite structure, the change can be wholly
or partially hindered. A favourable additional effect
is that foreign .admixtures cause the dielectric

. hysteresis loop to be considerably flattened, so that

the -mon-linear properties which pure BaTiO,
exhibits strongly below 123 °C partly disappear.

84158

or_——— ¢
0 | \ | 1 [ ) ! | !
20 0 20 T40 60 80°C

_>7‘

Fig. 11. &-T curves for a series of specimens in the BaTiO,-
SrTi0;-CaTiO, system to which about 109, Mg,TiO, has been
added. The compositions (calculated without the Mg,TiO,) of
1,3,4 and 6 correspond approximately with the similarly num-
bered points in fig. 5. The effect of the additive is to make the
curves flatter than those in fig. 6.

Iy
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An objection, however, is that some impurities
only temporarily hinder the crystallographic transi-
tion, i.e. they only slow it down. This results in pro-
longed after-effects, which are observed as a pro-
longed continuous decrease in the dielectric con-
stant in material which has been cooled from a
temperature above the tramsition point to room
temperature. ' , ) -

One substance which has been successfully used
to improve the &-T curve is magnesium oxide,
which is added to the (Ba,Sr,Ca)TiO, system in the
form of Mg,TiO,. Some &T curves for these
specimens are shown in fig. 11.

The work discussed here has been carried on in
co-operation with V.I. Middel of the Material
Research Laboratory, Philips Electrical Ltd, Mit-"
cham (England), J. Méllers of the Deutsche Philips
Ges.m.b.H. Keramische Werke, Hamburg and G. H.
Weber and N.W. Smit of the Ceramics Laboratory
at Eindhoven.

Summary. BaTiO, and related compounds of the perovskite
structure show very high values of the dielectric constant. In
certain temperature ranges, & shows peaks corresponding to
crystallographic transition points. Since the wvalues of the
transition temperatures are sensitive to all kinds of influences
{internal stresses, surface phenomena, lattice imperfections)
the manner in which the material is fired has a great effect
upon the shape ‘of the &-T curve. This curve can be further
influenced by the formation of mixed crystals (displacement
of the peaks), by diluting the material with a second phase
which has a flatter ¢-T curve, and alse by the addition of
small quantities of foreign substances (such as Mg,TiO,)
which do not crystallize themselves in perovskite structure
but still manage to enter the material either as a solution or
between the crystals. Such admixtures help, at the same time,
to suppress the dielectric hysteresis.
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A NOVEL TYPE OF DIAGNOSTIC X-RAY UNIT

by H. VERSE *) and K. WEIGEL *).

616-073.755.1

In general, the designers of practical medical equipment must be guided by medical opinion.
g > £ ) I Juir : ) I

This applies particularly to X-ray diagnostic apparatus, whose special feature is an effective

combination of mechanical, electrical and optical components. The apparatus described in

the present article is novel in that, to improve the above-mentioned combination, the designers

have ventured to suggest to the radiologist an examination procedure which is in some respects

new and should be complementary to the older and more familiar methods of examination.

Principles of the apparatus

The problem of mechanical aids for medical X-
ray examination was discussed in a recent issue of
this Review, in connection with a description of
the “Symmetrix” !). The “Symmetrix” belongs to
a class of apparatus mow employed for routine
diagnostic examinations in almost all countries. The
essential feature of such apparatus is that it enables
the examination table to be rotated about a hori-
zontal axis at right angles to the X-ray beam, from
the vertical to the horizontal position and beyond
it (Trendelenburg position); with the most advanced
equipment of this type, say, the “Symmetrix”’,
the table can be rotated even far enough to invert
the subject. As the table carrying the patient tilts,
the X-ray tube and the viewing system (fluorescent

*) C. H. F. Miiller Aktiengesellschaft, Hamburg.
1) J. J. C. Hardenberg and H. W. Dumbrill, The “Sym-
metrix”’, a universal table and stand for X-ray diagnosis,

Philips tech. Rev. 17, 112-120, 1955/56 (No. 4).

screen and serial cassette) move with it. Moreover,
the X-ray tube and viewing system can be moved,
within certain limits, parallel to the table and the
viewing system can be shifted at right angles to
the table surface. The balancing of the movable
parts of the “Symmetrix” is describ