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The “Plumbicon™, the new
type of camera tube de-
veloped at the Philips Re-
searcli  Laboratories in
Eindhoven, has  been
greeted with considerable
interest from the tele-
vision world. The tube
has all the advantages of
the vidicon but none of its
Jundamental disadvantages,
and is therefore suitable
for applications previously
reserved for image orthi-
cons. This makes it desir-
able to compare the pic-
ture quality and other char-
acteristic features of tle
various types of camera
tube as objectively as
possible, a comparison
which necessitates careful
regard to the differences in
noise characteristics, set-
ting of the operating point, the likelihood of over-expo-
sure, etc. The “Plumbicon™ gives a very good account
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of itself for black-and-white television, and for colour
television its superiority is unquestionable.

The “‘Plumbicon”
compared with other television camera tubes

A. G. van Doorn

The heart of any television camera is the camera
tube. In this, an optical image is converted into a pat-
tern of electrostatic charges, which is scanned by an
electron beam to produce electrical signals. The
camera tubes in most general use at the moment are
image orthicons and SbeSs vidicons. These two types
are based on different principles. The image orthicon
makes use of photoemission and secondary emission
to form a charge pattern; in the vidicon, the conversion
is based on photoconduction. The characteristic
features of these types of tube also differ considerably.

*) A. G. van Doorn is with the Television Design Department,
Philips Electro-Acoustics Division, Eindhoven.
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As may be seen in fig. /, the vidicon is much smaller
than the image orthicon. Other features in its favour
are its simple adjustment, its stability — and its price.

Image orthicons are nevertheless widely used be-
cause SboSs vidicons have a number of drawbacks
that can seriously impair the quality of the picture.
Their speed of response under normal lighting condi-
tions is so slow that pictures of moving objects are
blurred, and they may also have afairly large dark cur-
rent (signal arising when there is no light incident on
the tube). Under certain conditions, and particularly
at the normal illumination levels in the television
studio, these undesirable effects can be so serious that
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Various characteristics of
the “Plumbicon” and the
explanation of its phys-
ical principles have already
been dealt with in an ear-
lier articlein this journal 1,
We now wish to go more
deeply into the use of this
new tube and to compare
it with image orthicons and
vidicons already in use. A
detailed description of the
operation of these other

Fig. 1. Three types of camera tube. Top to bottom: a 3” image orthicon, a “Plumbicon”
and a 1” vidicon. The type often used in studio cameras nowadays is the 41” image orthicon,
which is considerably larger even than the 3” type shown. There is also a +” model of the

vidicon, specially designed for very small, compact cameras.

acceptable picture quality becomes unattainable.

SbeS3 vidicons are, however, unexcelled for many
applications outside the television studio. The undes-
irable effects mentioned above are much less of a
nuisance at high levels of illumination, while small
size, light weight, simple (possibly automatic) opera-
tion, robust construction, low price and long life are
all of special importance in such applications.

The development of the “Plumbicon” makes yet
another type of camera tube available. This tube,
like the SbaS3 vidicon, is based on the photoconduction
principle, and is constructed in almost the same way
(fig. 1). However, the use of a different photoconduc-
tive layer, with an appropriate method of operation,
has almost completely removed the drawbacks of the
SbeSs vidicon, i.e. the poor response speed and the
high dark current, while retaining the useful features.
The “Plumbicon”, therefore, can be used for purposes
for which so far only the image orthicon has been
suitable. The picture quality of the “Plumbicon”
compares very well with that of the image orthicon,
so that it will also be possible to put to good use in
the studio the practical advantages which made vidicon-
type tubes so attractive in other fields.

While the “Plumbicon” for these reasons is a very
attractive proposition for use in black-and-white tele-
vision, its special features really come to the fore, as
we shall see, in colour television. In fact, one of the
main motives behind the development of the “Plumb-
icon” was the need for a camera tube that was more
suitable for colour cameras than either the image
orthicon or the vidicon.

. e tubes will not be given, as
there is sufficient informa-

Fm e tion on the subject in the
25cm literature (2181, The only

factors to be mentioned
will be those necessary for
mutual comparison.

The objective compari-
son of two types of tube
differing so widely in their operation and character-
istic features as the “Plumbicon” and the image
orthicon is a complicated undertaking. It is, in fact,
virtually impossible to take into account and set off
against each other all the factors that determine the
quality of a television picture, such as resolution, tonal
gradation, brightness range, signal-to-noise ratio,
uniformity, etc., particularly as personal preference
and habit also influence the eventual assessment of
the picture. It is equally difficult to find a common
denominator for features such as warming-up time,
stability, life, sensitivity to interference, etc., that do
not in the first instance affect the picture quality but
are nevertheless important in operational practice.

We shall therefore restrict ourselves to those points
which best lend themselves to an objective comparison,
including the illumination required for optimum pic-
ture quality. For such a comparison the conditions of
operation and the assumptions made must be rigidly
specified. We shall first therefore discuss a few of the
concepts involved, including the depth of focus, the
light-transfer characteristic, and the signal-to-noise
ratto.

Depth of focus

Fair comparison between different camera tubes
must relate to conditions in which the cameras pick
up exactly the same scene, as regards both foreground
and background, and moreover with the same depth
of focus in each case. It can easily be shown that the
tubes will “see” the same scene only if lenses with
focal length proportional to the linear dimensions of
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the image rectangle are used (fig. 2). The image rec-
tangle of the image orthicon is 24 mm X 32 mm, while
that of the “Plumbicon™is 12mm X 16 mm and that of
the ordinary SbsS3 vidicon is about 9 mm X 12 mm.
If, moreover, the lenses have the same entrance
pupil, the “equal depth of focus” condition is satisfied

(fig. 3).

Fig. 2. A television camera with its lens at point Obj is assumed
to take a scene in which the rectangle PQRS in the object plane
V is sharply reproduced on the image rectangle pigiris: of the
camera tube. If a second television camera having a camera
tube with the larger image rectangle pagoress is to take exactly
the same scene (i.e. with the same foreground and background),
its lens must be placed in position Obj and the rectangle PQRS
must be sharply reproduced on the larger image rectangle. The
figure shows that this is so if the image distances b2 and &,
and hence because of the great reduction the focal lengths f2
and fy, are in the same ratio as the heights of the image rectangles:
fz/f1 R~ bz/bl = Ilz//tl.

Fig. 3. The aperture I, of diameter D, represents the entrance
pupil of the lens of a television camera. Point P of the scene in
the object plane V is sharply reproduced on the photosensitive
layer (not shown) of the camera tube. Point Q gives, on this
layer, a spot (of diameter d”) that coincides with the image of a
disc of diameter 4 around point P, since each ray through Q
and 7 behaves like a ray originating from this disc. If H is the
height of the rectangle -in ¥ that is reproduced on the photo-
sensitive layer as the image rectangle of height A, then d’/h = d|H,

i.e. d/[H is a measure of the relative blurring of points Q -

belonging to the foreground or background. Hence, when
one camera is replaced by the other, with 7 in the same posi-
tion, the relative lack of definition, and thus the depth of focus,
remains the same, provided that D is the same.

’
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In practice, the focal length f and the relative aper-
ture D/f of every lens are known. Here, D represents’
the diameter of the entrance pupil. The condition
of equal entrance pupil means that the product
of the focal length and relative aperture must also be
equal. If a scene is reproduced with an image orthicon
camera which has a 1:5.6/50 mm lens, then with a
“Plumbicon” the corresponding camera must have a
1:2.8/25 mm lens, as the dimensions of the image
rectangle of the “Plumbicon” are half those of the
image orthicon. In comparing tube sensitivity, it is
usual to assume that the lenses satisfy the above con-
ditions. Questions such as the availability, quality and
price of the lenses, and also the effect of the specified
conditions on, for example, the dimensions of a lens,
are not taken into consideration here [41,

Light-transfer characteristic

In comparing different types of camera tube, it is
hardly realistic to think in terms of the usual concept
of sensitivity and to attempt to quote one single
numerical value. One of the essential factors in the
sensitivity of a camera tube, however, is its “light-
transfer characteristic”. This gives the signal current
Is as a function of the illumination E; at the photo-
conductive layer. Fig.4 shows examples of such
characteristics for a “Plumbicon”, an SbsSs vidicon
and three different types of image orthicon. These
characteristics are plotted with logarithmic scales for
both coordinates, so that a straight line indicates that
the signal current is proportional to a power of the
illumination: Is oc Ey?, the constant exponent ¥
being given by the slope. If the slope is unity, which
is the case over a wide range of the characteristics of
the image orthicon and the “Plumbicon”, I is pro-
portional to Eg. '

The horizontal axis in fig. 4 shows the reduced
illumination E; (in millilumens), ie. the product
of the illumination and the area of the image rec-
tangle. This is the only way in which camera tubes
with differentimage rectangle can be directly compared,
for, provided that the illumination of the scene and the
depth of focus are the same this quantity is indepen-
dent of the size of the image rectangle.

11 E. F. de Haan, A. van der Drift and P. P. M. Schampers,
The “Plumbicon”, a new television camera tube, Philips
tech. Rev. 25, 133-151, 1963/64. This article is further re-
ferred to as I. i

R. Theile and H. Fix, Eine vergleichende Betrachtung der
heute verfiigbaren Fernseh-Bildaufnahmerdhren, Radio-
Mentor 25, 448-452, 1959. '
J. W. Wentworth, Camera tubes for studio use, J. SMPTE
72, 153-157, 1963.

G. H. Cook; The performance of television camera lenses,
J. SMPTE 69, 406-410 (and 867), 1960.
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for a tube with an average
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fecting the choice of the op-
erating point will now be
discussed in greater detail.

Signal-to-noise ratio
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Fig. 4. Light-transfer characteristic of different types of camera tube. The signal current Ig
is plotted as a function of the luminous flux on the photosensitive layer, the illumination
being uniform. P applies to a “Plumbicon” of average sensitivity (350 A/lm), O1 to a very
sensitive 3” image orthicon, O to a 3” image orthicon with the knee at a higher illumination,
and O to one of the types of 44” image orthicon now often used whenever the highest

picture quality is required.

V1 applies to an SbaS3 vidicon at a sensitive setting (signal plate voltage Vs = about 40 V,
dark current Jq = 0.02 pA), and ¥r to a similar vidicon with a lower signal plate voltage
(Vs = about 15 V, Iy = 0.005 A) and increased speed of response.

The operating point for optimum setting is given on each curve by a cross. The illumination

required for this setting can be read on the abscissa.

If the tubes “see” exactly the same scene with lenses of the
same entrance pupil diameter — the specified condition for fair
comparison — the values of the illumination in lux at corre-
sponding points on the photoconductive layer are inversely pro-
portional to the areas of the image rectangles. The product
mentioned above is therefore a quantity independent of this
area.

The comparison of these characteristics should
nevertheless be made with a certain degree of caution.
With the image orthicon, for instance, the signal
current is, indeed, much greater than in the “Plumb-
icon” and SbsS3 vidicon, but this does not necessar-
ily imply greater sensitivity. The secondary emission
foultiplier built into the image orthicon provides
this large signal current. The real criterion for the
sensitivity is the position of the optimum operating
point and the related value of the illumination. It
will be seen that one of the important factors in the
choice of this operating point is the signal-to-noise
ratio in the television signal.

10 20
— Ef (millitumen)

The signal-to-noise ratio
of a television camera sig-
nal is generally taken to be
theratio between the useful
signal S and the effective
value N of the noise (the
ratio is often expressed in
dB).If S appears as a signal
current, Nis also considered
as a noise current. If the
noise in the signal is inde-
pendent of S, the signal-to-
noise ratio is proportional to S, so that a given
situation may be characterized by the value Sw/N
alone, where Sw is the signal provided by the bright-
est part of the scene.

N can howéver be a function of S. This is indeed
so in the image orthicon, but with the “Plumbicon”
N is even more strongly dependent on S because of
the application of non-linear amplification for “gam-
ma-correction”. We shall, therefore, make use of an
“equivalent noise” Neg, which is independent of S
and provides the same visual impairment as the
actual noise. With the aid of statistical data and sub-
jective assessments made by observers, “Theile and
Fix (5] have found that a useful expression for Neq is:

50 100

Nw + 3Ng + 2Nz

- )

Neq =

Here, Nw, Ng¢ and Nz represent the effective values
of the noise in the signal corresponding to white, mid-
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grey (the signal equal to 409, of that of whlte) and
black (e.g. 2% of white).

Another factor important in the determination of
the signal-to-noise ratio is the frequency spectrum of
the noise, referred to as the “noise character”. It is
well known that high-frequency noise gives much
less impairmant than low-frequency noise. Several
workers [5116] have attempted to analyse this visual
difference and to reduce it to numerical or graphical
terms that could be used as a measure of the impair-
ment given by different noise frequencies. These
differences in impairment become even more signifi-
cant if pictures are to be compared whose noise spectra
differ widely, or if noise measurements have to be
made on signals having different noise frequency
spectra.

In image orthicons, the output current of the mul-
tiplier is so large that the noise contribution in the
signal current comes entirely from the tube itself.
This noise is almost independent of the frequency, so
that the noise spectrum is practically a horizontal
line. This is called white or “flat” noise.

Both the vidicon and the “Plumbicon” deliver
much smaller signal currents and the noise contribu-
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Fig. 5. a) A filter that can be used to take the visual impairment
effect of noise into account in noise measurement. The component
values have been selected so that T = 0.33 ps (CCIR recommen-
dation).

b) Attenuation characteristic of this filter (solid line) compared
with the statistically determined noise impairment curve (bro-
ken line).
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tion originates almost entirely from the very sensitive
input circuit of the electronic signal amplifier. Such
input circuits are designed for a minimum of noise,
and this has the result that the noise is no longer
independent of frequency. In most cases, the effective
noise current increases practically linearly with the
frequency. Thus, we refer to noise with a “triangular”
spectrum.

In noise measurements, use is often made of
a “noise-weighting filter”, whose transmission-fre~
quency curve approximates very closely to the average
curve for the visual impairment effect of noise. Fig. 5a
shows a diagram of such a filter and fig. 56 the re-
sulting noise-weighting curve. To compare the image
orthicon, with its flat noise spectrum, and the “Plumb-
icon”, with its triangular noise spectrum, however,
it is simpler to use one single numerical value for the
relative impairment (noise weighting factor). This
numerical value, which gives the difference between
the impairment effect of flat noise and of noise with
a triangular spectrum, may be set at 2.25 (7 dB) for
a bandwidth of 5 Mc/s. Noise measurements made
without a noise-weighting filter will give signal-to-
noise ratio values for the “Plumbicon” and the vidicon
which, for equal visibility of noise, are 7 dB lower
than those for the image orthicon.

Characteristics and operating point of vidicons

The light-transfer characteristic of a camera tube is
always affected, to a certain extent, by the various
d.c. voltages on the electrodes of the tube. In the
vidicon, the characteristic is particularly strongly
affected by the signal plate voltage V5. This is clearly
shown in fig. 4, which shows two characteristics for
different values of Vs. Because of this dependence,
the characteristic can be adapted over a considerable
range to the illumination. Fig. 4 shows the vidicon
characteristics as slightly curved lines, of slope varying
between about 0.8 and about 0.4. It is seen from the
characteristics for low values of Vg that, as the illu-
mination Ep increases, Is will show slight saturation:
the characteristics gradually become horizontal. The
characteristics for high values of Vs show a sharp
transition to a horizontal line. The actual transition

8] R, Theile and H. Fix, Zur Definition des durch die statisti-
schen Schwankungen bestimmten Stérabstandes im Fern-
sehen, Archiv elektr. Ubertr. 10, 98-104, 1956. See also
p. 64 of the second article mentioned in note (8],

(61 J, Miiller and E. Demus, Ermittlung eines Rauschbewertungs-
filters fitr das Fernsehen, Nachrichtentechn. Z. 12, 181-186,
1959. See also H. Fix and A. Kaufmann, Die spektrale
Zusammensetzung der statistischen Schwankungen bei zur -
Zeit iiblichen Fernsehkameraanlagen, Rundfunktechn. Mitt.
4, 60-65, 1960. :
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" occurs at the point where the photocurrent has become
so large that the electron current in the scanning beam
(the beam current) is no longer capable of stabilizing
the photosensitive layer at cathode potential. This is
therefore an unstable state. If the beam current is
increased, this transition point is shifted towards a
higher value of .

This point should never be exceeded, not only because
with a horizontal characteristic all contrast is lost,
but rather because unstabilized whites in the picture
appear as washed-out areas with a tendency to spread,
or “bloom”, and which disappear only slowly if E
drops below the transition point. With moving ob-
jects, very unnatural after-images and trailing effects are
produced. These phenomena, which are bound to oc-
cur when scanning with .“slow” electrons if the
beam’ current is set at too low a value,
similarly in the “Plumbicon”, and even in the image
orthicon a similar effect can come about due to a wrong
setting. ;

In the vidicon, however, the signal plate voltage Vs
also determines the dark current Iy, i.e. the signal
current supplied by the tube when no light is falling
on the photoconductive layer. As Vs increases, Ig
increases more than linearly. For instance, when
Vs = 15V, the value of Iy is about 0.005 A, while
when Vs =40V, I3 can have a value between 0.02
and 0.1 pA. At the same time, the dark current depends
to a great extent on the temperature. This dark current
appears in the television signal as a non-uniform
spurious signal, which gives a deterioration in picture
quality. If the value of Ig4, and hence the non-uniform-
ity of the spurious signal over the image area,
becomes too great, it may even become necessary
to supply an electronic correction signal to compen-
sate for the non-uniformity.

The speed of response depends almost entirely on
E;: it increases as E; increases. Two factors limit the
. speed of response: the beam current lag, which is
governed by the electron beam scanning mechanism
and also depends on E; (discharge lag), and the photo-
current lag. In fact, it takes a little time for the current
through the photoconductive layer to respond when
the value of E; changes (see I, pp. 146 and 147).

The slow response at low values of E;, which is a
characteristic of the vidicon, is due entirely to the
photoconductive lag. We shall see later that the lag
in the “Plumbicon” is of a completely different nature.
It does not depend on E:, and is only slightly affected
by Vs; above a certain value of Vs, the photoconduc-
tive lag is negligible in relation to the discharge lag.

The interdependence of various parameters makes
it difficult to specify one suitable operating point for
the vidicon. We cannot make a choice without a

arise -
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more thorough analysis of the effects of this on the

picture quality. It is therefore simpler to select a few

situations and examine the effects of the chosen setting

on sensitivity, lag, picture quality, etc. What is evident
~from such an examination is the tremendous flexibility .
of the vidicon, since it is possible to deal with a consider-
able range of illuminations by adjusting Vs alone. This
means that completely automatic cameras can quite
easily be-made. ' \

A situation in which attempts are made to obtain
the best picture quality in all respects merits special
consideration. ‘

Let us take as an example a setting for a useful
signal current Iy = 0.2 pA, resulting in a very good
signal-to-noise ratio; a dark current Iy = 0.005 pA,
which is sufficiently low in relation to Iy; and a suffi-
ciently high illumination level at the photoconductive
layer to ensure fast response. Under these conditions,
Vs will be between 10 and 20 V, depending on the
temperature and the differences between individual
vidicons, and the appropriate luminous flux on the
layer will be about 10 millilumens, corresponding to
an illumination of the layer of about 80 lux (8 foot-
candles).

Another situation, where the picture quality may
still be regarded as acceptable, but where slow response
effects may become objectionable and the dark cur-
rent Iq has increased to about 109 of I, is obtained
with values of Vs of between 30 and 40 V. For Iy =
0.2 pA, and hence Iy = 0.02 pA, the luminous flux
required is about 10 times lower and an illumination
of 8 to 10 lux at the layer is required.

A very sensitive setting is obtained with values of
Vs above 50 V. Here, Iy is 0.1-0.2 pA and is of the
same order of magnitude as the useful signal current,
while the slow response is extremely troublesome
with moving pictures. Nevertheless, the picture
quality at this setting, at which an illumination at
the layer of 2 to 3 lux is adequate, is still quite accept-
able for many industrial uses.

Characteristics and operating point of image orthicons

As we have already said, the behaviour of the image
orthicon is quite different and is not easy to compare.
with that of the vidicon or “Plumbicon”. The.light-
transfer characteristic is only slightly dependent on the
voltage settings and is determined by other factors.
As may be seen in fig. 4, it is possible to obtain differ-
ent characteristics with the image orthicon, but these
are obtained with different types of tube. The charac-
teristic of one given type cannot easily be shifted by
varying the settings without undesirable side-effects,
and in practice different designs of the image orthicon
are used for different purposes. '
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A closer look at the light-transfer characteristic
shows that, over a certain illumination range, thesignal
current varies linearly with the illumination, and that
above a certain value, the “knee”, it quickly becomes
saturated. Unlike that of the vidicon, the situation
here is completely stable if the beam current is so set
that brightnesses above the knee value can still be
handled. This can be an important advantage in
practice. The light control, i.e. the setting of the oper-
ating point, is not critical, as the knee acts as an auto-
matic signal current limiter. It is therefore possible to
handle a wide variety of scenes in which there are
marked differences in the brightness of the white
portions, including specular high-lights, without al-
tering the setting. It is, moreover, possible to suit
most of the scenes to be taken to the limited brightness
range of the television system without difficulty. How-
ever, to obtain the best picture quality, the illumina-
tion of the sensitive layer, the photocathode, must be
very carefully adjusted. This is done with the aid of
adjustable diaphragms and grey filters. The optimum
setting or operating point of an image orthicon is at
or just over the knee. As a general rule the best setting
is obtained when the illumination on the layer is
such that white parts of a scene, in which a certain
amount of detail must still be shown, are just above
the knee of the given characteristic.

A further advantage, which we shall not discuss
in detail here, but which is extremely important in
setting up, is the increased resolution obtained when
the knee is exceeded. It is rather difficult to define
resolution here, but the same physical cause that gives
rise to the knee in the characteristic of an image
orthicon also gives rise to apparently enhanced con-
tours at black-to-white transients. (The physical
cause is in fact a redistribution of the electrons forming
the charge pattern.)

Because of the fact, mentioned above, that the
optimum setting is at or just above the knee, the
signal-to-noise ratio of the most sensitive type of
image orthicon (with the knee at the lowest illumina-
tion) is relatively poor. Fig. 4 in fact shows that, of
the various designs, the most sensitive provides the

- weakest signal current. The signal-to-noise ratio —
entirely determined by the camera tube, and propor-
tional to the root of the signal current — is therefore
at its worst for this type. The development of image
‘orthicons over the past few years has been directed
towards shifting the knee in order to obtain a better
signal-to-noise ratio. The most significant improvement
has been the 44" image orthicon, which has a higher

-knee than the 3" type, a better. signal-to-noise ratio, '

a better resolution and which can pick up a greater
range of brightnesses without undesirable side-effects.

. «“PLUMBICON” . ’ 7

The dimensions 3” and 44” in the designations of image
orthicons refer to the diameter of the tube. The integral electron-
optical image-forming elements make it possible for both types
to provide optical images of the same size. However, the area
of the target on which the charge pattern scanned by the electron
beam is formed is about three times as great in the 44” model.

Apart from the size of this target, other factors also affect
the pggition of the knee, so that various designs of both types '
are pZ)ssible. Most of the characteristic features of the latest .
3” types approximate very closely to those of an average 44”
type, and, although the signal-to-noise ratio and resolution
are basically better in the 44” type, the differences have become
so slight that both types are used side by side.

The response speed is limited only by the discharge
lag. At the optimum setting, this lag is quite small; it
becomes noticeable onlyunder poor lighting conditions,
where the operating point is a long way below the
knee.

Itisadisadvantage that a certain amount of burning-in
with stationary pictures, rather than speed of response
with moving pictures, sets a limitation. Whenever an
orthicon camera has been directed on one scene for
some time, say a few minutes, a burnt-in image is
formed, which can render the camera useless for a
while. If it is used by inexperienced persons, this can
even cause irreparable damage to the tube.

Fig. 4 shows that a 4}” image orthicon at the op-
timum setting is only half as sensitive as a comparable
3" design. It has, however, an improved signal-to-noise
ratio: where this is 36 dB in a 3” tube, it may be as
much as 39 dB in a 43" model.

Characteristic and operating point of the ‘“Plumbicon”

At low signal plate voltages Vs, the light-transfer
characteristic of the “Plumbicon” exhibits a shift
similar to that of the vidicon. Because of the special
properties of the photoconductive layer of the “Plumbi-
con”, however, the signal current rapidly becomes sat-
urated as Vg increases. Above Vs = 30V, sensitivity vir-
tually ceases to increase. In other words, for Vg > 30V
the characteristic can be considered as fixed. If the
illumination E is increased at a constant Vg, then, as
with the vidicons, we find a point at which there is a
sharp transition to a horizontal line, owing to the
beam current being no longer adequate for sta-
bilizing at cathode potential. It is also of course
possible, with the “Plumbicon”, to shift this transition
point by varying the beam current. '

One of the main differences, however, between the
“Plumbicon” and the vidicon is that the character-
istic of the former in the stable part is a straight line
of unit slope, which means that I is proportional to
E;. Only in this case can the sensitivity be indicated by
one single numerical value, expressed in microampéres
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per lumen. This sensitivity of the “Plumbicon” lies
between 300 and 400 pA/Im.

* The determination of the optimum setting will now
be explained and a more quantitative treatment will
. follow. In the image orthicon, the operating point
was entirely determined by the knee of the character-
istic, which also determined signal-to-noise -ratio,
" ‘permissible brightness range and sensitivity. For the
vidicon, the choice of the operating point was a com-
promise between speed of response, dark current and
the available quantity of light. For the “Plumbicon”,
it will be seen that the optimum setting likewise is
determined by the effect of various factors.

As already mentioned in the introduction and
described in detail in I, the “Plumbicon’ has two
significant advantages over the vidicon. In the first
place, the dark current is negligibly low and does
.not become very much greater at higher values of Vs,
Secondly, the photoconductive lag is very small and
independent of the illumination E;. The photoconduc-
tive lag is to some extent dependent on Vs, but at the
usual values of Vs it is negligible compared to the
discharge lag.

Because of these advantages, finding the right
setting is simple. If the operating point is made low,

the illumination required is also low (i.e. the sensiti-

vity is high) and the signal current is small, while the
signal-to-noise ratio is poor. With a higher operating
point, more light is needed, but the signal current
becomes proportionately larger and the signal-to-
noise ratio proportionately better.

The amount of noise in the signal has thus become
practically the only decisive factor in the choice of the
setting, and all factors affecting this noise therefore
directly affect the choice of the operating point.

As already described for the vidicon, an inadequate
beam current can cause a sharp transition in the char-
acteristic to a horizontal line, giving rise to an un-
stable state of “over-exposure”. With the linear char-
acteristic of the “Plumbicon” the risk of over-expo-
sure due to a sudden increase in the illumination level,
or to specular highlights, is higher than with the vidicon
characteristic, which exhibits saturation. This must be
given careful consideration, which means that the
risk of over-exposure must be reduced by stopping
down, using grey filters or adjusting the level of
illumination of the scene. With a cameraequipped with
a “Plumbicon”, therefore, it is of the utmost impor-
tance to have a fast and accurate light-control. It is,
however, extremely difficult, if not impossible, to
prevent accidental specular highlights, and these too
must not give rise to over-exposure, The knee in the
characteristic must, therefore, be far enough above
the operating point to leave an adequate safety margin.
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The knee can be shifted upwards by increasing ‘the
beam current, but this can prejudice resolution. In view
of the safety margin required, therefore, it is recom-
mended that the operating point should never be set
higher than is necessary to obtain an acceptable
signal-to-noise ratio. '

Quantitative determination of the operating point of

* the “Plumbicon”

We shall now discuss in more detail the signal cur-
rent necessary to obtain a given picture quality. The
signal-to-noise ratio is our starting point since, as
already mentioned, it is an important factor here. Let
us assume that the signal-to-noise ratio of the output
signal is to be 40 dB for flat noise — a value which -
can hardly be attained with the best image orthicons
and which is generally considered fully adequate for
studio use. As already stated (see p. 5), the most
significant source of noise in both the vidicon and the
“Plumbicon” is the input circuit of the signal amplifier,
and this noise is frequency-dependent. If the signal-to-
noise ratio is to be at least 40 dB for flat noise, then
for triangular noise the ratio S/N between the peak
signal current and the effective noise current must be

at least 100/2.25 = 45.

In fig. 6 the elements of a camera signal amplifier
that affect the signal-to-noise ratio of the output
signal can be seen. These are the preamplifier Ay, the
aperture corrector A, and the gamma corrector A4,.
The preamplifier is always necessary ; whether aperture
and gamma correction are also required depends to
some extent on circumstances, as will be seen later.

The camera tube, whose inherent noise may be
neglected, is connected to the preamplifier 4y by
means of a signal resistor Rs. Analysis [?] shows that
as Rg increases — if we assume the output impedance
of the camera tube to be infinitely high — the signal-
to-noise ratio at the output of 4y approaches a maxi-
mum given by: '

s I '
Z=wxI108——. . ... (2
N

FGWFR,

Heve, F is the bandwidth, Ry the “equivalent noise
resistance” of the input circuit of the preamplifier,
and C; the total parasitic capacitance in parallel with
Rs. The constant 22X 108 is the value of |/3/(164%kT)
at room temperature. ) '

It may be seen from (2) that, at a given bandwidth,
Ct and Ry set a limit to the value of S/N, and also that
the parasitic capacitance is of prime importance. With
practical values: F =5 Mc/fs, C; = 25 pF and Ry =
200 Q, equation (2) gives:

— A 5.6x108 I,
N 8
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so -that a minimum signal current of 0.08 uA (for
white) is needed in order to obtain at the output of
Ay a signal-to-noise ratio of 40 dB (S/N at least = 45).
In practice, because of the noise contribution from Rs,
a slightly worse ratio must be taken into account,
and the real value for Iy must be taken as 0.1 pA.
(It should be pointed out that C; and R; may be made
smaller by making use of more complex preamplifier
circuits, using selected components and a very ac-
curate setting(8l.)
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.

retain the original value of 40 dB assumed for the
signal-to-noise ratio, and make full use of the increased
resolution obtained by aperture correction, J; must
be increased to 0.13 pA.

Resolution has thus been improved at the expense
of sensitivity. If enough light is available, this optimum
correction is, of course, desirable, but if the lighting
is poor (as for example during the evening), a'compro-
mise must be made between resolution and noise, by
suitably setting the aperture correction.

221
/
$A
| s
=
t——r—o— —o— —0— l—o
Rsé #Ce | A SN A [N Ay |sAv
=| 1 Oo—1 O 00— —0
I .

Fig. 6. Connection of a vidicon or “Plumbicon” to preamplifier 4y by means of signal re-
sistor Rs. The equivalent noise resistance of the input stage of Ay and the parasitic capaci-
tance C: limit the signal-to-noise ratio at the output of Ay. / glass window, 2 transparent
signal plate, 3 photosensitive layer, 4 electron beam and 5 cathode. Vs signal plate voltage
(see I, fig. 2), Aa and A, circuits for aperture and gamma correction.

The effect of aperture correction

The resolution of the picture is determined by a
number of factors. It depends to a great extent on
limitations in the camera tube itself (see I, p.144),
but the optical section can also be significant. Zoom
lenses, in particular, i.e. lenses with a continuously
variable focal length, which are so often used nowa-
days, are certainly not ideal at large apertures. Spot
correction, or, as it is more often called, aperture
correction, which compensates for the effective size
of the electron beam scanning spot exceeding the line
width, can improve resolution. A simple electronic
circuit giving amplification increasing with frequency,
without the introduction of phase errors, can give op-
timum resolution at least in the horizontal direction (%],
Aperture correction gives no amplification at low
frequencies, so that the amplitudes of the signal over
large areas in the picture do not alter with the insertion
of A,, but the higher signal frequencies, and hence
the higher frequencies in the noise spectrum, receive
extra amplification.

At 5 Mc/s, the modulation depth of the average
“Plumbicon™ is only 509, of its value at 0.5 Mc/s,
so that the amplification at 5 Mc/s must be at least
twice as great (6 dB extra) for optimum correction.
Further analysis shows that this causes the signal-to-
noise ratio with a triangular noise spectrum to de-
crease by a factor of 1.3. If, therefore, we want to

The effect of gamma correction

The aperture correction mentioned above is also
often used in vidicon cameras. Gamma correction,
which we shall now discuss, is, however, only required
for “Plumbicon” tubes.

This is because, in a picture tube, the luminance of
the screen increases roughly with the square (at least)
of the signal voltage applied to the control grid of the
tube. To make the screen luminance proportional
to the luminance of the original scene, the output
signal of the camera must be approximately propor-
tional to the root of the luminance of the scene. This
is roughly what happens in the vidicon, as in the
light-transfer characteristic Is occ Ef0-6, while Ep is, of
course, proportional to the luminance of the scene.
The proportionality in the image orthicon is not so
good, but the effect of the knee and the additional
effect that the average scene content also has on the
characteristic make gamma correction seldom nec-
essary.

(1 V. K. Zworykin and G. A. Morton, Television, Wiley,
New York 1954 (2nd edition), pp. 529-532. .

8] K. Sadashige, A study of noise in television camera pre:

" amplifiers, J. SMPTE 73, 202-206, 1964.

9 Vertical aperture correction is possible, e.g. with the aid of
delay lines. See: C. F. Brockelsby and J. S. Palfreeman,
Ultrasonic delay lines and their applications to television,
Philips tech. Rev. 25, 234-252, 1963/64. N
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In the “Plumbicon”, however, where Iy is propor-
tional to Ep and no limitation or saturation occurs
right up to the point of instability, the gamma correc-
tor A, is essential. This consists of a non-hnear am-
plifier in which the output signal S” and the input
signal S’ are connected by the relationship (fig. 7):

T A

SW " SW’

The subscript W again indicates the signal for white.

The amplification S”/S’, dependent here on the signal '

level, is given by the slope of the chord to the origin
(disregarding the constant factor Sw”/Sw’). The
noise N’ superimposed on S’ is also amplified, but

this amplification is determined by the slope of the .

tangent at S’. For a parabolic characteristic (y=20.5
" in eq. 3), it can easily be verified that the signal am-
plification is alwa)}s twice that of the noise.

In spite of this, gamma correction reduces the
normalized signal-to-noise ratio. Although by defi-
nition we start from a noise level N’ independent
of the signal level S, the amplification of the noise
does indeed depend upon the signal level. We
shall, therefore, calculate the equivalent noise
Neq” = L (Nw" + 3Ng" + 2Nz") (see eq. 1). Nz”
is determined by the practical consideration that, in
a real gamma corrector, the tangent will never be
vertical. If the characteristic has a slope 4 at the origin
and gradually becomes a parabola, excellent tonal
gradation is also obtained in the dark parts of the
picture. In thiscase, Nz” = 4N'. Moreover, for white,
Nw"” = 0.5N’ and in the grey (for which it is assumed
that §” = 0.4Sw"), N¢” = 1.25 N’, s0 that Ney"~2N'.

Gamma correction, therefore, reduces the normal-
ized signal-to-noise ratio by half, and, to maintain
the desired signal-to-noise ratio of 40 dB, this must be
compensated by a proportional increase in the signal
current Js.

_Thus, if both aperture and gamma correction are
used in a “Plumbicon” camera, the operating point
must be setat Js &~ 0.25 pA for the postulated signal-
to-noise ratio. It should also be pointed out that
scenes with limited brightness range may allow a
different degree of gamma correction: an acceptable
tonal gradation may for instance be obtained if the
characteristic has a slope of 2 at the origin. In this
case, Neq” = 1.4N’, and the operating point may be
set at Is = 0.18 pA.

If on the other hand, the scene to be taken has a
very wide brightness range and the most important
parts of the picture are the dark ones, the operating
point may have to be set at a higher I5 to prevent the
noise in the dark parts of the picture from being too
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Fig. 7. Characteristic of the gamma corrector for a camera
tube in which the signal current is proportional to illumination,
as in the “Plumbicon”. §’ is the input signal, S$” the output
signal, Sw’ and Sw” are the signal values for white. The slopes
of the chord through the origin and of the tangent at §’ deter-
mine the relative amplification of the signal S’ and of the super-
imposed noise N’ respectively. In theory, the characteristic must
always be a curve with infinite slope at the origin (since y is
smaller than unity), but, in practice, a slope of 4 at the origin is
sufficient for good tonal gradation (see the broken line).

pronounced at maximum gamma correction. The
extent to which, if at all, this can be done, will depend
upon the safety margin required to allow for specular
highlights which, as mentioned previously, can cause
a transition of the characteristic into that for the un-
stable state if the beam current is inadequate.

Comparison between the “Plumbicon” and the image
orthicon

As we have said in the introduction, it is impossible
to make a purely objective comparison between differ-
ent types of camera tube. It is in fact quite reasonable
not to attempt any comparison between the vidicon
and the image orthicon, since these two types of tube
are used for quite different purposes. The “Plumbicon”,
however, as stated in the introduction, does not have
the fundamental limitations of the vidicon, and can,
therefore, be considered for the same applications as the
image orthicon. Thus it is both possible and useful
to make a comparison between the “Plumbicon” and
the image orthicon. .

We shall be restricting ourselves to some of the
characteristic features of particular importance: sen-
sitivity, resolution, tonal gradation and the signal-to-
noise ratio.’ ’

Fig. 4 and the determination of the operating pomts
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have already shown that the sensitivity of the “Plumb-
icon” is roughly comparable with that of the best
3” image orthicons. Inspection of a large variety of
scenes bears this out in practice. The “Plumbicon” is,
however, more sensitive than the 44" image orthicon,

.~ especially, if one bears in mind that the sensitivity of

image orthicons decreases as the number of opera-
tional hours increases, and sometimes even drops to
half during their life.

The situation is different for resolution. Without
special corrective measures the resolution of the
“Plumbicon” is not as good as that of the 41" image
orthicon. The image orthicon, properly set to the knee
of the characteristic, benefits here from the apparent
“contour-enhancing™ effect mentioned earlier, which
accentuates transitions from black to white. The
perceptible differences between the two types of tube
do, however, diminish considerably if aperture cor-
rection is used, which is fairly simple for the horizontal
direction. The differences also depend upon the beam
current setting. Even the colour temperature of the
light has some effect: outdoor scenes with a high colour
temperature taken with a “Plumbicon” often give
surprisingly sharp pictures.

On the subject of tonal gradation, it must first of
all be said that many factors areinvolved here. “Plumb-
icon” pictures, with the appropriate gamma correc-
tion, are characterized by faithful, “photographic”
gradation within a wide (albeit still restricted) range
of brightness. In practice, however, the gradation in
pictures from the image orthicon is equally acceptable,
even though, to prevent the signal-to-noise ratio from
being reduced, it is not usual in this case to apply
gamma correction. The effect of the knee in the light-
transfer characteristic of the image orthicon, which
has already been described, makes it possible to find
an acceptable setting for a wide variety of scenes. This
has quite justifiably been regarded as a considerable
advantage. Nevertheless, a better result can generally
be obtained with a “Plumbicon” camera equipped
with a signal limiter and an adjustable gamma correc-
tor.

It is only in scenes with a very wide brightness
range or with specular highlights that situations occur
which adversely affect the picture quality of the “Plumb-
icon” — either by loss of resolution, or by trailing
effects in the non-stabilized highlights, or by increase
of noise in the image, due to the fact that the operating
point has to be reset to a lower signal current I5.

The signal-to-noise ratio for a given type of image
orthicon is ‘determined by the tube itself and, when
noise is measured without a noise-weighting filter, is
34-36 dB in a 3” type and 37-39 dB in a 4}" type,
depending on setting and operational life. The illu-
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mination required for the “Plumbicon” in the dis-
cussions so far has been calculated on the basis of a
signal-to-noise ratio of 40 dB. Here we have one of
the most important differences between the image
orthicon and the “Plumbicon”. The signal-to-noise
ratio of a given image orthicon can be improved only
very slightly. If more light is available, the operating
point can hardly be shifted since otherwise the knee
in the characteristic would cause all gradation in the
lighter parts of the image to disappear. In the “Plumb-
icon”, on the other hand, the operating point may
be displaced along the characteristic, so that if desired
the signal-to-noise ratio can be still further improved.

This shows that, for applications where high picture
quality is called for and the ordinary vidicon cannot
be used because itis not sensitive enough, the “Plumb-
icon” is an interesting proposition, and can, in many
instances, produce pictures of a quality comparable
to that of the best image orthicon pictures.

Application in colour television cameras [10]

The requirements made of camera tubes for colour
television cameras are more stringent and rather
different from those for black-and-white cameras.
The “Plumbicon” satisfies many of these require-
ments particularly well.

For a good colour balance and a correct colour
gradation it is extremely important that the tube
should have a well-defined light-transfer characteristic
dependent on only a few parameters. The “Plumbi-
con”, therefore, because its characteristic is indepen-
dent of the illumination at the layer and of the average
picture content, considerably simplifies the task of
giving good, natural colour reproduction with a
colour television camera under all kinds of conditions.

Spurious signals causing for instance an uneven
and fluctuating black level are particularly undesir-
able in colour television because such signals are not
the same for each of the three:primary colours, and
therefore give rise to colour impurities. The adjustment
of a colour camera then becomes very complicated,
especially if the spurious signals are dependent on tem-
perature, focus, beam current setting or beam centre-
ing. The low dark current ‘of the “Plumbicon” has
been found to be highly significant in this connection
and has made any form of shading (dynamic correc-
tion of the black level) superfluous. This considerably
widens the brightness range that can be covered
while retaining good colour reproduction. A uniform
sensitivity over the whole area of the picture is also of
importance. Differences in local sensitivity between

101 For general concepts, see: F. W. de Vrijer, Fundamentals
of colour television, Philips tech. Rev. 19, 86-97, 1957/58.
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the various camera tubes produce colour shifts, which
are particularly noticeable in scenes where the back-
ground is uniform.

The sensitivity of a colour television camera, which
will, of course, be less than that of a black-and-white
camera, is highly important, since an increase in the
illumination in studios involves many other factors.
These can include architectural and economic consi-
derations (for instance, air-conditioning may be re-
quired). Sensitivity will be discussed separately in the
next section, and it will be seen that in this respect the
“Plumbicon” compares very favourably.

Moreover, it is obvious that the advantages of small
size and smaller picture format, which vidicon-type
camera tubes have compared with image orthicons, are
more important considerations in the design of a
colour television camera than in the design of black-
and-white studio cameras. '

Quite apart from all these factors, there is yet
another, very important, and even perhaps, decisive
requirement in the use of a particular type of camera
tube in a colour television camera. The three primary
colour pictures taken through three tubes must be
geometrically exactly similar to one another. Primary
colour pictures that do not precisely cover one another
(“registration” errors) give rise to undesired coloured
edges in the reproduced picture. This will affect not
only the quality of the colour picture, but also the
display of the picture in black-and-white, which
should satisfy the colour monochrome compatibility
requirements. It will be clear that “registration” errors
will adversely affect the resolution of the picture re-

ceived by a monochrome receiver, since, in the colour

transmission system, the signal for black-and-white
reception is built up from the three primary colour
signals. With “Plumbicon” tubes no great difficulties
are experienced in accurate registration of the three
primary colour pictures.

All these factors make the use of the “Plumbicon”
in colour cameras very attractive. The Philips Research
Laboratories in Eindhoven had already déveloped co-
lour television cameras incorporating the “Plumbicon”
a few years ago. Very good results were obtained,
and practical tests have shown that particularly for
colour television, the “Plumbicon” has a great many
advantages to offer.

Sensitivity of a colour television camera

In colour television, as in monochrome systems, the

sensitivity is, to a large extent, determined by the
signal-to-noise ratio. A difference is made in colour
television, however, between luminance noise and
chrominance noise. As the name implies, luminance
noise relates purely to fluctuations in the total lumi-
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nance, i.e. the sum of the luminances of the three
primary colours'in the reproduced picture, while chro-
minance noise relates to fluctuations in the particular
colour.

Experience has shown that, taking the average of a
large number of scenes, the determining factor is the
luminance noise. , .

To compare this with the noise in monochrome tele-
vision, let us consider a scene taken with a black-"
and-white camera and a colour camera, both fitted
with “Plumbicon” tubes and identical lenses.

For a white area, the three camera tubes provide
signals giving fractions fr, fe and fB respectively of
the signal from the tube in the monochrome camera.
The actual values of fr, fe and f8 depend upon the
colour-separating system, the spectral response of the
“Plumbicon” and the colour temperature of the
light sources used to illuminate the scene.

The spectral response curves for the three colour
channels are given in fig. 8. This shows the ideal rela-
tive spectral response curves for optimum colour
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Fig. 8. Relative spectral response curves for the three colour
channels in a colour television camera with “Plumbicon” tubes.
The solid lines are the theoretical curves that, with certain
assumptions, give the best possible reproduction of most colours.
The broken lines are measured curves, which must be regarded
as the best compromise. The cut-off at longer wavelengths in
the red channel is caused by the limited red sensitivity of the
“Plumbicon”. This limitation could be removed by the use of
a “Plumbicon” with'an increased red sensitivity (111,

reproduction, together with those that have been ob-
tained in practice. With the standard “Plumbicon”
and a colour temperature of 3200 °K for the light
source, /&, fa and fg are 8, 20 and 129/ respectively.
For the present considerations gamma correction

. . . .

can be ignored, and as a starting point for the simple
linear case we can assume a luminance signal Ejy

for which:
Ey=03Eg + 0.6 Eg + 0.1 Ep.

The .primary colour signals are amplified in such a
way that for “white”:

Ep = Eg = Ep = Ey.
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The differences between fg, fg and fg lead to different
amplification factors, so that, for the effective value
of the noise:

Ny=N ]/(Q‘%)Z , (0'§‘,2 (9‘1\2‘
Jr Je/ fa/
Ny thus becomes about 54, or, in other words, to
obtain the same signal-to-noise ratio, the illumination
level must be 5 times higher for a colour camera than
for a black-and-white camera.

Things are, of course, a little more complicated for
colour scenes, but, as long as the colours are not
highly saturated and, in particular, large, highly
saturated red areas do not occur, it is confirmed in
practice that this factor of 5 is about correct.

Because f¢ = 209 and the illumination level has
to be 5times higher, the quite incidental result is that the
“green” camera tube is set to the same operating point
as that previously determined for a black-and-white
camera. If there is ample light available, as is usual
in outdoor work, then by making use of correction
filters it is possible to set all three tubes to the optimum
operating point. This requires 12 to 15 times as much
light as for a black-and-white camera, but N, now
becomes smaller than N:

Ny — NV0.32 + 0.62 +0.12 — 0.68 N.

Under these conditions, therefore, with settings at
the optimum operating point, the signal-to-noise ratio
in the luminance signal is 4 dB better than that at-
tained with a black-and-white camera at the optimum
setting,

Colour television camera with image orthicons

Apart from the fact that a colour television camera
employing image orthicons is rather bulky because
of the large size of the tubes, and requires a very
complex optical system, there are two other impor-
tant factors.

Firstly, the image orthicons cannot be fully operated
into the knee of the light-transfer characteristic, as
the characteristic at that point is not so well-defined.
This adversely affects the signal-to-noise ratio and the
resolution. Secondly, the image orthicons for the three
channels must be accurately set to the same operating
point to obtain good colour balance, and this means
that the values for f, fc and /g are equalized. None

Uil E. F. de Haan, F. M. Klaassen and P. P. M. Schampers,
An experimental “Plumbicon™ camera tube with increased
sensitivity to red light, Philips tech. Rev. 26, 49-51, 1965.

(121 w. Dillenburger, Gesichtspunkte fiir die Entwicklung
einer Farbfernsehkamera, Radio-Mentor 30, 974-981, 1964,

131 H. de Lang and G. Bouwhuis, Colour separation in colour-
television cameras, Philips tech. Rev. 24, 263-271, 1962/63.

“PLUMBICON” 13

of them therefore can be made larger than 8 to 109,
with the result that such a camera is 10 to 12 times less
sensitive than a black-and-white camera using the
same type of image orthicon. A less favourable setting
is therefore required.

In addition, extremely stringent requirements are
made on the precision of the tube construction and
the stability of the control voltages in order to keep
“registration” errors to a minimum. All these factors
make it clear that such cameras in practice are not
altogether an attractive proposition. Attempts have
been made to overcome the difficulties by using colour
cameras with four camera tubes, the fourth being used
solely to provide the luminance signal [12],

A colour television camera with “Plumbicon” tubes

The title photograph shows a colour television
camera using “Plumbicon™ tubes now in production.
The colour-separation system is made up of prisms
(fig. 9), following the method described in an earlier
article in this journal [13]. Such a colour-separation
system has various optical advantages and allows the
colour television camera to be very compact. The
camera has a variable-focus lens, and the adjustments,

Fig. 9. Principle of a colour-separating prism arrangement in
the optical system (131, The light enters the first prism and strikes
u layer that selectively reflects the h/ue component of the light.
The angle of this plane to the optical axis is such that all rays
reflected from it are totally reflected at the boundary of the
prism. The blue component is thereby rellected downwards, to-
wards the “blue” “Plumbicon” Pg. A second layer, which
selectively reflects the red component of the light, is cemented
between the second and third prism. By correct choice of the
angles involved, the red light is reflected a second time by total
reflection at a glass-air boundary between the first and second
part of the prism (L is an air-gap), and thus reaches the “red”
“Plumbicon™ Pr. The green component of the light travels
straight through and provides the image for the “green” “Plumb-
icon” Pg. Special trimming filters in each channel ensure that
the spectral transmission curves are as close as possible to the
ideal.
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such as focusing, focal
length setting and iris con-
trol, are effected by servo
systems. The focal length
may be varied between 18
and 180 mm, with a maxi-
mum relative aperture of
1:2.2. The lens is optically
corrected for the prism sys-
tem inserted in the path of
the beam. It is even pos-
sible, with an alternative
currently available lens, to
vary the focal length from
50 to 600 mm.

The compact construc-
tion of this camera is also
illustrated in fig. /0. The
arrangement of the three
“Plumbicon” tubes in a
vertical plane is somewhat
unusual; this is determined
by the colour-separating
system. With such an
arrangement, magnetic
screening is very important
to prevent undesired mag-
netic fieldsfrom reaching the camera tubes and upset-
ting the relative geometry and the precise registration.

Some idea of the sensitivity of such a camera with
“Plumbicon” tubes is readily obtained from the table
below, which gives the conditions in a normal scene,
the settings to be used for it and the signal-to-noise
ratio attained:

incident light level

1500 lux
(150 foot-candles)
reflection coefficient (of the white

parts of the scene) 60%
colour temperature of the lighting 3200 °K
relative aperture 1:28
aperture correction 6 dB at 5 Mc/s
gamma correction y=105 in a

1 : 40 range

normalized signal-to-noise ratio

in the luminance signal 42 dB
signal-to-noise ratio (determined

with a noise-weighting filter) 50 dB

At full lens aperture and with no spot correction,
however, faithful colour pictures can still be made at
an illumination of 200 to 250 lux with an acceptable
signal-to-noise ratio in the luminance signal.
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Fig. 10. A view inside a colour television camera equipped with “Plumbicon™ tubes. Three
identical, adjustable units are arranged around the colour-separating prism system. Each
unit comprises a “Plumbicon” tube with its focusing and deflection coil and magnetic
screening, as well as a signal amplifier. This side of the camera also contains the horizontal
deflection circuits.

Summary. Because the “Plumbicon” does not have the draw-
backs of the SbaS3 vidicon, i.e. poor response speed and excessive
dark current, it is suitable for studio use. The factors to be taken
into account in comparing its picture quality with that of the
image orthicons used up to now include resolution, tonal grad-
ation, brightness range, signal-to-noise ratio, uniformity, etc.
A number of conditions for proper comparison are discussed,
including the required focal length and diameter of the lens,
the selection of the operating point on the light-transfer char-
acteristic, and the measurement of the noise with a noise-
weighting filter. Closer examination of the light-transfer char-
acteristic of the different types of tube shows that the signal-
to-noise ratio of the “Plumbicon” can be improved by shifting
the operating point upwards, but there must be a safety margin
to safeguard against “over-exposure” from specular highlights.
If a signal-to-noise ratio of 40 dB ( for flat noise) is required —

a value hardly achieved by the best image orthicons — then
in view of aperture correction and the gamma correction de-
sirable for the “Plumbicon™, the operating point must be set at
a signal current of 0.25 pA (and maintained there by controlling
the light level). The sensitivity is then comparable to that of the
best 3” image orthicons. The 43” image orthicon is not so sen-
sitive, but gives better resolution. Better tonal gradation can
usually be obtained with a “Plumbicon”-equipped camera than
with an image orthicon camera. The “Plumbicon” is particu-
larly suitable for colour television cameras, not only because of
its small physical size and small image size, but also because its
characteristic is independent of the illumination at the layer
and of the average picture content, and further because in this
case it is not very difficult to prevent annoying ‘‘registration”
errors in the three primary colour pictures. Its sensitivity is such
that a colour camera using “Plumbicon™ tubes can easily pick
up a normal scene where the illumination is 1500 lux (150
foot-candles); the normalized signal-to-noise ratio in the lumi-
nance signal is then 42 dB. Acceptable pictures can still be ob-
tained at 200 to 250 lux.

Printed in the Netherlands
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An eddy-current coupling
employed as a variable-speed drive

W. Bahler and W. van der Hoek
538.541:62-578.3

The idea of the eddy-current coupling is not new, the device was in fact used long ago for
the transmission of high power. In recent years advancing mechanization has stimulated
JSresh interest in the eddy-current coupling, particularly in the homopolar type, in view of its
suitability as a variable-speed drive for low power applications. Electronic control of the
coupling offers many new possibilities in process control and other industrial control
applications.

In 1825 Arago discovered that a rotating copper disc
tends to communicate its motion to a magnetic needle
suspended above it ( fig. /). Arago was unable to ex-
plain this phenomenon and called it “rotational mag-
netism’". It was not until 1831, when Faraday discovered
the phenomena of induction that it was understood

e

Fig. 1. Arago’s experiment. A copper disc rotating in its own
plane tends to communicate its motion to a magnetic needle
suspended above it.

that the field of the magnetic needle generated eddy-
currents in the rotating disc. The forces produced
between these electric currents and the magnetic field
caused the needle to rotate with the disc.

These eddy-currents, which always arise in a con-
ductor subjected to a varying magnetic field, have
been intensively studied since electric generators first
came into use. Such studies were not only directed to-
wards limiting the losses caused by the eddy-currents
(for example in the iron core of a transformer), but
also towards possible uses. The eddy-current coupling
is one of the possible applications, and Arago’s ex-
periment can be regarded as its first demonstration.

Ir. W. Béihler is with Philips Research Laboratories, Eindhoven;
Prof Ir. W. van der Hoek is with the Works Mechanization
Department of Philips Radio, Gramophone and Television Division,
Eindhoven, and an associate professor of Mechanical Engineering
at the Technical University of Eindhoven.

Construction of an eddy-current coupling

Eddy-current couplings, as later developed in
many different designs, always contain two members
which can rotate freely with respect to one another
(fig. 2). The magnetic field is generated by the induc-
tor /. The second member, the eddy-current cylinder 2
(it may also be a disc) consists of conducting material
in which the eddy-currents are induced.

Frequently the inductor is provided with one or
more coils, excited by means of slip rings and wound
in such a way that opposite poles are alternately pro-
duced on the circumference of the inductor. The coils
are excited by d.c. current. When the inductor is
driven the magnetic field rotates with jt. The situation
shows much resemblance to that found in a three-
phase induction motor, where a rotating magnetic
field is produced by electrical means. Just as in the
three-phase induction motor, there must, to obtain
a torque at the output shaft, be a certain slip between
the rotating magnetic field and the eddy-current cylinder
of the coupling.

The absence of mechanical contact between inductor
and eddy-current cylinder makes the eddy-current
coupling suitable for transmitting power under irregu-
lar or shock loading, such as found in rolling mills
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Fig. 2. Schematic representation of an eddy-current coupling.
I inductor, 2 eddy-current cylinder. The input shaft 3 and the
output shaft 4 are supported in bearings in the housing 5.
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Fig. 3. Sketch of a homopolar eddy-current coupling. I inductor, here magnetized by a single
stationary exciting coil 6. 2 eddy-current cylinder. The input shaft 3 is supported in bearings
in housing 5, made, like the inductor, of a ferromagnetic material. The output shaft 4 is sup-
ported in bearings on the input shaft. 7 “teeth” of the inductor.

(@) and (b) show the lines of magnetic field. In (c) the eddy current loops are shown.

and cranes. Other advantages are that the coupling can
be controilled by a small direct current and that the
torque is entirely ripple-free, due to the absence of
slots or bars in the eddy-current cylinder.

The eddy-current coupling is called heteropolar
when the inductor has both north and south poles.
The heteropolar type is widely used for the transmis-
sion of high power.

The operation of the coupling does not depend, how-
ever, on reversal of the polarity of the magnetic field.
It is sufficient if the field varies between a minimum
and a maximum value. A drawback of this construction
(referred to as “homopolar™), is that for a given maxi-
mum amplitude of the magnetic field one can obtain
only a quarter of the torque obtainable with a hetero-
polar type; set against this drawback there is the
advantage of certain constructional simplifications.

Some homopolar types, for example, need only one
central coil which does not rotate with the inductor,
and this means that the exciting current can be supplied
by very simple and reliable means. In such couplings
the local variation of the intensity of the magnetic
field is produced by designing the inductor in the form
of a disc with “teeth”, which rotates in the space
between the coil and the cylinder (fig. 3).

The homopolar coupling with stationary exciting
coil has proved particularly useful as a low-power
variable-speed drive.

A simplified model

For any given application the eddy-current coupling
must meet specific requirements. In order to produce a
design that meets the requirements, the influence of
certain factors on the characteristics of the coupling
has to be considered. Typical factors are the relative

angular velocity of the inductor in relation to the eddy-
current cylinder, the dimensions, the magnitude of the
exciting current and also the choice of material, they
are dealt with here by considering a simplified model.

It isassumed that an infinitely large flat plate of thick-
ness Ay is situated in a flat air-gap of height & ( fig. 4).
The air-gap is bounded above and below by magnetic
material which has zero electrical conductivity, ¢ = 0,
and infinitely high magnetic permeability, © = oo.
The conductivity of the plate is ¢ = o1 and its magnetic
permeability 1 = 1o, the same as that of {ree space.

At the plane z = 14, which bounds the upper space,
there is an infinitely thin layer containing a sinusoidal
pattern of currents flowing in the positive and in the
negative y direction. The current does not depend on y.
The “pole pitch”, i.e. the length of half a period of this
sinusoidal pattern, is 2/2. The “current layer” moves
with a velocity v in the positive x direction. The plate
is stationary.

If we compare this model with the actual eddy-
current coupling we see that the inductor is represented
by the current layer, and the eddy-current cylinder by
the plate. The velocity v of the current-layer is equiva-
lent to the difference in speed between the inductor

%
Ll
A, .
— P e K P o
1| G T
6 o 1 _ G=07,L =1l

S e —

Fig. 4. Simplified representation of an eddy-current coupling,
used in deriving the torque equations.
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and the eddy-current cylinder of a real coupling.

Since the currents in the exciting current layer flow
only in the positive and negative y direction, the mag-
netic field which they generate in the air-gap has no y
component. Since, moreover, the x and z components
of the magnetic field are independent of y, the electrical
field in the air-gap contains a y component only.

On the basis of Maxwell’s equations we can set down
a differential equation for the electrical field strength in

the air-gap, the “wave equation”, which we have

to solve for the steady state.
The Ay of the exciting current is given by the ex-
pression

2
A;,,=Ayoexp§j-—;(vt—x) . )

where Ay is the amplitude of the current.

Because of the periodicity of the moving pattern of
the exciting current the electrical field strength at any
given point must be given in the steady state by a
solution of the wave equation that has the same time
dependence as the exciting current. For E,, the y
component of this electrical field, we therefore write:

Ey = Eyo(z) exp % jg; (vt — x) } , ¥))
where Eyo(z) is a complex variable which denotes both
the amplitude and the phase shift of the electrical field
with respect to the exciting current.

If, in the solution (2) of the wave equation, we take
into account the boundary conditions relating to the
model (fig. 4), we find that both in the eddy-current
plate and in the space Eyo(z) is approximately indepen-
dent of z and equal to:

o v Ayo
V0'151,uo —j2n6//1 '

Eyo(z) = — 3

We therefore have the relation between the electrical
field strength in the plate and the exciting current.
What we are particularly interested in, however, is the
force exerted on the stationary plate by the moving
magnetic field.

This force can very easily be found with the aid of
theoretical considerations of the energy involved. The
Joule heat, which is generated in the plate by the eddy-
currents, averaged over a pole pitch, is equal to the work
which the tangential force K, averaged over half a
period, performs per unit area and per unit time.
The Joule heat per unit volume element didx is
Ey2¢161dx, and therefore:

A2

/ Ey20'161dx .

Kv=—
Ty
0

@
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Substitution of eq. (2) in eq. (4), together with eq. (3),
yields after some manipulation:

Ay
K = %_ , (5)
47 (— + —0>
Vo v
where:
270 6)
Vo = .
° Ao1010 (
For v = v the force reaches a maximum equal to:
#o Ayo®A
K = —.
max 87{6 (7)
Substitution of eq. (7) in eq. (5) finally yields:
K _ 2 ®
Kmax - l E '
Vo v

Equation (3) is arrived at as follows [13, In our model a part
of the air-gap is taken up by the eddy-current plate. The electrical
field strength in the eddy-current plate is given by the three-
dimensional wave equation:

OE
2 - — =0, ¢« « ¢ v v v
VEE—po—=9, 1))
and the electrical field strength in air is given by:
VEE=0. .. ....... 10)

Substitution of eq. (2) in (9) and (10) gives expressions for Eyo(z)
of the form:

27\ 2
Eyo(z) =Pexp§z ‘/(7) +k2$ +
. I\ 2
+Qexp§—21/(7) +k2§,

where k2 = j(2n/A)vuo holds for k. (In air ¢ = 0, which means
that £ = 0 ineq. 11.) '

P and Q are integration constants which differ in each of the
three layers of the air-gap — air, eddy-current plate, air. These
integration constants can be found with the aid of the boundary
conditions that apply at the surfaces of the three layers. In the
first place, the magnetic permeability of the eddy-current plate
is equal to that of the air-gap. This means that both at the upper
and the lower surface of the eddy-current plate (z = £4d1) the
tangential components and also the normal components of the
magnetic field, H; and H7, are equal on each side of the bound-
aries. Owing to the infinite magnetic permeability of the material
outside the air-gap, the tangential component of the magnetic
field at the lower boundary (z = —10) is zero. Because of the pre-
sence of the current-layer this does not apply to the ipper bound-
ary of the air-gap (z = +%40). If we take the contour integral of
the magnetic field in the plane of a flat loop perpendicular to the
» axis and close to the boundary (Maxwell: SSHsds = iirue), We
find there Hz = —A4,. ‘

(1n

(1 This calculation may be found in: R. Riidenberg, Energie der
Wirbelstrome in'elektrischen Bremsenund Dynamomaschinen,
Enke, Stuttgart 1906. .
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Using the boundary conditions we find six equations from
which the integration constants can be calculated. Before solv-
ing these equations, however, we replace the exponential powers
which they contain by the first term of the series expansion. This
is permissible (see eq. 11) when the height § of the air-gap is
small both in relation to the pole pitch A/2 and in relation to the
skin depth Jsiin [? of the eddy-current plate.

Solution of the simplified equations results in eq. (3).

The torque-speed characteristic

The relation between K and v, as found for the sim-
plified model, also applies in principle to the actual
eddy-current coupling. Instead of the force and velo-
city we introduce two other queintities: the torque M
exerted on the output shaft, and the relative speed n
of the input shaft with respect to the output shaft.

Corresponding to eq. (8) we can write:

M2

Mma,x n

N ¢ V)]

ho

no n
and equations can be written down for Mmax and ng
corresponding to (6) and (7). The curve found when M
is plotted as a function of # is referred to as the torque-
speed characteristic ( fig. 5).
Whether an eddy-current coupling is suitable for a
particular application depends on the position and

Mmnax[-———

0 No >0

Fig. 5. Torque-speed characteristic of an eddy-current coupling.
Maximum torque Mmax is reached at a speed no.

height of the maximum in the torque-speed charac-
teristic. In designing an eddy-current coupling it is
also possible, with the aid of the equations for Mmax
. and no, to choose the dimensions, exciting current and
the materials in such a way as to produce the required
characteristic. For example, increasing the thickness of
the plate or its conductivity gives a lower speed for
maximum torque.

It can also be seen that increasing the gap-width §
causes the maximum to shift towards a higher speed.
When ¢ is increased, however, it is necessary at the
same time to increase the exciting current in propor-
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tion to & in order to keep the maximum torque Mmax .

constant. Theoretically the required exciting current is
at a minimum when the gap-width § is equal to the plate
thickness 1.

The homopolar type

Fro}ﬁ now on we shall be solely concerned with the
homopolar version of the eddy-current coupling.
Before applying to this version the results found so
far, it is necessary to consider the effects of the differ-
ences between the model and the actual coupling. -

In the model we first assumed a heteropolar version

in which the field distribution was purely sinusoidal. As

a first approximation we can treat the field distribution

" in the actual homopolar coupling as a sinusoidal field

superimposed on a field which is constant around the
whole circumference. The constant field component has
no influence on the behaviour of the coupling as the
potential difference that it produces between the two
ends of the eddy-current cylinder is constant over the
whole circumference, so that no currents can flow.
In practice, however, the field differs from that of the
model in a further respect: the alternating compo-
nent, as measurements show, is not sinusoidal but has a
shape between a sine wave and a square wave. We

can think of the alternating field as the resultant of a -

sinusoidal field and higher harmonics, whose ampli-
tudes can be calculated by means of numerical Fourier
analysis. Aninvestigation has shown that the influence
of the higher harmonics on the shape of the torque-
speed characteristic is not negligible. Compared with
the characteristic for the purely sinusoidal field distri-
bution, the maximum torque is larger and displaced to-
wards a higher speed; and the initial slope of the curve
becomes steeper.

Another difference concerns the gap-width ¢. In
the model this was assumed to be constant. In the
version of the eddy-current coupling which we con-
sider (see fig. 3) the inductor is in the form of a disc
with teeth around the circumference, so that the gap-
width varies. To obtain agreement between the torque
speed characteristic of the coupling and the theoretical
characteristic we have to introduce a fictitious gap-
width ¢’, which is greater than the gap-width at the
teeth.

TIn the model we assumed an eddy-current plate of
infinite length in the y direction and a current layer

-independent of y. This meant that the eddy-currents

flowed only in the y direction, that is to say perpendi-
cular to the direction of motion. In actual eddy-current
couplings, including the homopolar type, the finite di-
mensions of the eddy-current cylinder require that the
eddy-currents at both ends of the fingers have to form
closed loops (see fig. 3¢). Because of this, extra resist-

—




1966, No. 1

ance is presented to the eddy-currents, causing a further
discrepancy between the actual torque-speed charac-
teristic and the theoretical one. The discrepancy can
be found by estimation and by measurements on actual
eddy-current couplings [31.

A variable-speed drive

We have already mentioned that the homopolar
version of the eddy-current coupling has proved par-
ticularly useful as a variable-speed drive for low-power
transmission. This is due not only to the simple con-
struction of the coupling, but more especially to the
possibility of electronic control of the exciting cur-
rent.

Fig. 6 shows schematically a speed-control system
in which the eddy-current coupling is used as a variable
speed drive. The input shaft of the eddy-current coup-
ling K is driven by an electric motor M which runs
at constant speed. The speed of the output shaft is
measured by a tachometer which gives a voltage pro-
portional to the speed. This voltage is compared with a
reference voltage which corresponds to the desired
speed and which can be adjusted with a potentiometer
P. An amplifier 4 energizes the exciting coil of the eddy
current coupling with a current proportional to the
difference between the two voltages.

Fig. 6. Diagram of a speed-control system employing an eddy-
current coupling K. The input shaft of the coupling is driven by a
motor M at constant spced. The speed of the input shaft is
measured by tachometer 7, whose output voltage is compared
with a reference voltage, adjustable by means of potentiometer
P. Amplifier A energizes the exciting coil with a current propor-
tional to the difference between the two voltages.

As is often the case in control systems the actual
value of the controlled quantity — in our example the
speed — has to be lower than the desired value before
current can be supplied to the exciting coil. The differ-
ence between the two speeds decreases as the gain of
the amplifier is increased. The magnitude of the gain
(amplification factor) has however to be limited to a
certain maximum depending on the dynamic charac-
teristics of the coupling.

Many variable-speed drives of the type described
above have been in use at Philips for some years now
in a wide variety of production machines, including
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Fig. 7. Exploded view of a Philips eddy-current coupling. The
large cylindrical member on the left is the stationary housing,
made of ferromagnetic material. To the right can be seen in
order the exciting coil; the inductor, mounted on the input shalt;
the copper-eddy-current cylinder, mounted on the output shalt;
the cap and the tachometer. At each end bearings are visible.

machines for coiling wire and tape after rolling, draw-
ing or lacquering. Recently both the eddy-current
coupling and the complete drive were put on the
market 4, Fig. 7 shows an exploded view of a Philips
eddy-current coupling. Thedevice incorporates a tacho-
meter, which indicates the speed of the output shaft.

Torque-current characteristic of the variable-speed drive

For a variable-speed drive it is desirable to be able to
transmit the maximum torque in the widest possible
range of speeds between zero and the speed of the mo-
tor. We have stated earlier that the form of the torque-
speed characteristic of the eddy-current coupling can
be influenced by the appropriate choice of materials
and dimensions. The choice is not, however, entirely
free, because the maximum exciting current, the width
of the air-gap and the thickness of the eddy-current
cylinder wall are also governed by constructional and
other conditions. Therefore, in a good design the maxi-
mum in the torque-speed characteristic does not always
lie in the speed range employed, as might be
supposed.

21 The skin depth of the material of the eddy-current plate is
given by: dskin — VA/muoow.

At this depth |E] = (1/¢)|Esustace| -

131 The discrepancy has been exactly calculated for a situation as
in fig. 4, but with a sinusoidal field in both the x and the y
direction. See the article quoted [l

4] Theelectronically controllededdy-current coupling was devel-
oped for use in Philips establishments by the Works Mecha-
nization Department of the Radio, Gramophone and Tele-
vision Division. The further development, production and
marketing have been taken over by Philips Industrial Equip-
ment Division.
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Fig. 8. Measured torque-speed characteristic of a Philips eddy-
current coupling type PE 2245, In the hatched area continuous
operation of the coupling is not recommended, as the tempera-
ture — particularly at the bearings — then exceeds the maximum
permissible value.

Fig. 8 shows the torque-speed characteristic derived
from measurements on the Philips PE 2245 eddy-
current coupling. In the figure » is the relative speed
of the input shaft with respect to the speed of the out-
put shaft of the coupling. At the point # = 0 the speed
of the output shaft is thus at a maximum: at the point
n = nm (/1m 18 the speed of the motor) the output shaft

Fig. 9. Demonstration arrange-
ment with two eddy-current
couplings, Coupling / drives
drum 2 at constant speed,so
that the wire is unwound at
constant speed from reel 3. The
wire runs from the drum over
a dynamometer mechanism 4
to the take-up reel 5, which is
driven by eddy-current coupling
6. The wire is guided by a
number of rollers in such a way
that the arm 7 of the dynamo-
meter is drawn in one direction
only. A spring holds the arm in
balance.
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is stationary and the difference between the speeds of
the two shafts is at a maximum. For a given speed the
curve gives the maximum torque that can be delivered
to the output shaft.

The value of ncan also be greater than #m, i.e. the speed of the
output shaft may in certain cases be “negative”. This is found for
example in servo systems using fwo eddy-current couplings whose
output shafts are coupled together and whose input shafts are
driven in opposite directions. Compared with the drive described
in this article, a servomotor of such a type has the advantage
that the speed is variable in two senses of rotation.

A system of this kind is used for driving the radiotelescopes at
Dwingeloo (Netherlands) and at Malvern (England) — an appli-
cation in which an important feature is the exceptionally smooth
torque of the eddy-current coupling at low revolutions.

Another advantage already mentioned, which the eddy-current
coupling has when compared with servomotors of other types, is
that it requires only very low driving power.

The power delivered by the output shaft is equal to
the product of the torque and the shaft speed. Apart
from this useful output, there is a certain amount of
power which is converted into heat in the eddy-current
cylinder: this power is equal to the product of the
torque and the difference between the speeds of the
input and output shafts. The heat is partly dissipated
by the air, due to the fan-like action of the inductor.
The transfer of heat to the air is assisted by the strong
air currents close to the eddy-current cylinder which
are set up by the teeth on the inductor. In spite of this
effective heat removal, so much heat can be generated
in the eddy-current cylinder (when the output shaft is
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turning at low revolutions, and is delivering a high
torque), that in places, particularly in the bearings, the
temperature of the drive can become higher than is
“strictly permissible.

The hatched area inside the curve in fig. 8 refers to
such a situation. If the coupling is used continuously
in this range, the temperature will exceed the maximum
permissible value.

Applications of the variable-speed drive

One application of the coupling as a variable-speed
drive has already been described. A few other examples
are mentioned below.

In driving a take-up reel for wire (or tape) it is usually
the speed of the wire, rather than the speed of the reel
that has to be kept constant. Here, instead of a tacho-
meter on the output shaft of the eddy-current coupling,
we can use a tachometer driven directly by the wire.

The speed of the wire can also be kept constant by
continuously measuring the diameter of the take-up
reel. This can be done by means of an arm, fitted to the
reference voltage potentiometer, and which rests on
the wire being wound on to the reel. As the winding
becomes thicker, the potentiometer is turned by the
arm so that the angular velocity of the reel is reduced,
and the wire speed is kept constant.

A further possibility is to drive the wire itself instead
of the take-up reel. Fig. 9 shows a demonstration
arrangement with two eddy-current couplings (fixed
here to the front plate of the associated electric motors),
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which winds a wire on to a reel at constant speed and
under constant tension. A few turns of the wire are
looped around the drum 2 which is driven at a con-
stant speed by the eddy-current coupling . The eddy-
current coupling 6 drives the take-up reel 5, and in
such a way that the tension of the wire remains con-
stant. This is achieved by passing the wire through
a dynamometer mechanism 4 and 7, whose output
voltage is. compared with a reference voltage.

In addition to the speed of a shaft, the speed of a
wire and the tension in the wire, other quantities can
be controlled, for example the torque exerted on a
stationary shaft. The only condition is that it must be
possible to represent the controlled quantity by a
voltage, which can be compared with the reference vol-
tage in the control amplifier. There is thus a consider-

_able field of application for variable-speed drives in

process control, since in many processes performance
is monitored electrically, and very often performance is
governed by a speed.

Summary. With the aid of a simplified theoretical model of a
(heteropolar) eddy-current coupling the relation is derived be-
tween the transmitted torque and the relative speed of the input
and output shafts of the coupling. This relation is also valid for
a homopolar eddy-current coupling. The homopolar version,
the design of which is particularly simple as the .exciting coil is
stationary, is finding increasing application as a variable-
speed drive for low-power transmission. An important feature
is that the exciting current can be electronically controlled, so
that with simple circuits a shaft or other speed or a torque can
be kept constant at a desired value. .
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New phosphors for colour television o

A. Bril and W. L. Wanmaker

535.371.07:621.397.132

Until recently, the phosphor most commonly used for “red” in colour television tubes
has been a 'sulphide phosphor. The location of the colour co-ordinates has proved very
satisfactory, but its light output leaves something to be desired. In the Philips laboratories
at Eindhoven it has been found that red phosphors of very high efficiency can be made
by activating suitable substances with trivalent ions of certain rare-earth metals. The best
. results have so far been obtained with phosphors activated with europium. Europium
phosphors have already found fairly wide application. '

Nearly all the colours found in our environment
can be faithfully reproduced on the screen of a modern
colour television tube. Colour tubes are enabled to do
this through the fact that some of the substances that
fluoresce when bombarded with cathode rays, i.e. the
phosphors, have colour co-ordinates in one of the
corners of the chromaticity diagram. For example,
the colour co-ordinates of silver-activated zinc sul-
phide (ZnS-Ag) lie well in the “blue” corner, those of
(0.75Zn, 0.25Cd)S-Ag lie well in the “green” and those
of (0.2Zn,0.8Cd)S-Aglie wellin the “red” corner (fig. I).
Thus, by suitably exciting these three phosphors and
mixing the light obtained, it is possible to reproduce
any colour whose colour co-ordinates in fig. 1 lie within
. the triangle BGR 1],

It will be evident that to obtain the required mixing of the
three colours of light on a television screen it is necessary to use
a combination of small luminescent areas. In colour television
tubes of the most common type, shadow-mask tubes, the phos-
phors are therefore arranged in regular configurations of neigh-
bouring dots. These tubes have three electron guns, each of
which bombards one type of dot.

Although the colour co-ordinates of the various
phosphors are satisfactorily situated, the suitability of
a phosphor for use in a colour television tube is not
solely dictated by its colour co-ordinates. This is
immediately apparent from the following. In order,
using the three phosphors mentioned, to produce white
light with chromaticity coordinates x = 0.310, y =0.316
(called the white C, see fig. 1), the electron beam
that bombards the red phosphor dots must be con-

_siderably stronger than the two others. This is because

the fluorescence spectrum of (0.2Zn, 0.8Cd)S-Ag is
extremely wide, extending from the yellow into the

Dr. A. Bril is with Philips Research Laboratories, Eindhoven;
Dr. W. L. Wanmaker is with Philips Lighting Division, Eindhoven.

~

near infra-red. A good part of the fluorescent radiation,

" therefore, because of the nature of the sensitivity curve

of the eye, contributes very little to the perception of
thelight; see fig. 2. In others words, the lumen equivalent,
i.e. the ratio of luminous flux to the corresponding
radiant flux, of (0.2Zn, 0.8Cd)S-Ag is fairly low. This
appears in the fact that the wavelength at which the
fluorescent radiation is strongest (about 675 nm)
differs considerably from that of monochromatic
radiation with the same colour co-otdinates (about
611 nm).

081" 530
y |fow 540

04

02

00 02 04 06 08

Fig. 1. Chromaticity diagram in x-y co-ordinates. The wave-
length of the spectral colours is expressed in nm (1 nm = 10 A).
The colour co-ordinates of the three phosphors now most com-
monly used for colour television are R, G and B: all colours
whose colour co-ordinates lie within the triangle BGR can
therefore in theory be faithfully reproduced. The colour co-
ordinates of all reflection colours in nature, and also those of
all known dyes and printing inks, lie within the dot-dash contour.
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Fig. 2. Spectral energy distribution (schematic) of the fluorescent
radiation of the conventional “red”” phosphor (0.2Zn, 0.8Cd)S-Ag.
Since the spectrum is very wide and falls largely within a
region in which the eye is relatively insensitive, the fluores-
cent radiation of this phosphor has a fairly low luminosity.
If the same power were radiated in the form of monochromatic
light with a wavelength of 611 nm (represented by the vertical
line), a much greater amount of light of the same colour would
be obtained. The dashed line is the spectral sensitivity curve of
the eye. (A maximum of 100 % is assumed for both curves.)

It has now been found [2] that a red fluorescence with
very nearly the same colour co-ordinates and a very
high lumen equivalent can be obtained by activating
certain substances with trivalent europium. The emis-
sion of these phosphors takes place mainly in a wave-
length interval of only ten nm or less,—a very nearly
ideal situation 3. As an example fig. 3 shows the
fluorescence spectrum of the -europium-activated
gadolinium oxide (Gd203-Eu) developed in our lab-
oratory [4],

Because of the very high lumen equivalent of this
europium-activated phosphor, its luminous efficiency,
i.e. the ratio of the emitted luminous flux to the power
of the incident electrons, is substantially higher than
that of (0.2Zn, 0.8Cd)S-Ag. This is in spite of the fact
that the radiant efficiency — i.e. the ratio of the radiant
flux to the power consumed, i.e. that of the incident
electrons — is lower. Because of the high luminous
efficiency of the Eu phosphors it is now possible to
obtain considerably brighter television pictures. To
produce the brightest white, for example, it is no longer
necessary to forgo a large part of the “capacity” of
the green and blue phosphors because the red has al-
ready reached its maximum. For the white colours the
luminance of the screen can be roughly 1} times
higher 51,

In the following we shall first explain how it comes
about that such a narrow fluorescence spectrum is
obtained by using europium as an activator. We shall
then briefly consider the method of preparing Eu
phosphors and the requirements which the activated
matrix compound has to meet in order for Eu3+ to be
effectively incorporated. Finally we shall deal in more
detail with the properties of Gd2Os-Eu and compare
them with those of some Eu phosphors prepared by
other investigators. It will be shown that Eu phosphors
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have, apart from a high luminous efficiency, further
attractive features of interest in other applications
then in television tubes.

560 600 60 _ 640nm
[R—— }

Fig. 3. The spectral energy distribution of europium-activated
Gdz203 excited by electrons of 20 keV. There are two extremely
narrow spectral lines very close together (wavelengths 611.3 and
614.2 nm). Because of this property Gd2O3-Eu has a relatively
very high lumen equivalent.

Fluorescence of substances activated with rare-earth
metals

The atoms of the rare-earth metals differ from those
ofthe other elements in that not only the outer electron
shell but also a deeper shell is incompletely filled. In
this latter shell (the N shell) the 4f group is incomplete

11 For a more extensive treatment of the principles of colour
television see F. W. de Vrijer, Philips tech. Rev. 19, 86-97,
1957/58.

21 A. Bril and W. L. Wanmaker, J. Electrochem. Soc. 111,
1363, 1964 and A. Bril, W. L. Wanmaker and C. D. J. C.
de Laat J. Electrochem Soc. 112, 111, 1965.

(31 See A. Bril and H. A. Klasens, Philips Res. Repts. 10, 305,
1955, where the requirements to be met by the ideal red
phosphor are formulated on page 317.

4 See the articles referred to in (2. The fluorescence of phos-
phors activated with rare earths was found many years ago
by G. Urbain (Ann. Chim. Phys. 18, 293, 1909); he ob-
tained spectra, however, in which not only the red lines, but
the orange, green and blue lines as well, had a high intensity.

651 For details on this subject see: A. Br11 and C. D. J. C. de
Laat, Light output of color-televisionscreens with europiums-
activated phosphors as a red component Electrochem.
Technol,, 4, 21-24, 1966 (No. 1/24).
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(see Table I). Electron transitions in this shell, caused
by the absorption or emission of radiation, are little
disturbed by the environment owing to the depth at
which they take place; they are effectively screened
by the electrons in the O shell. One result of this is
that the spectral emission lines of the trivalent ions in
rare-earth metals — here the outer three electrons are
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most other fluorescent substances, whose fluorescence
spectrum usually consists of broad bands.
Furthermore, because of this screening, the wave-
length and width of the spectral lines are virtually
independent of the nature of the matrix compound.
The spectra of the various phosphors activated with
a particular rare-earth metal therefore show little

Table I. Electron conﬁguratioh of the rare-earth metals (Z = 58 to 71). In these elements
. the 4f group of the N shell is incomplete, although this is not a peripheral shell. (These data,
are from: B. G. Wybourne, Spectral properties of rare earths, J. Wiley, New York 1965.)

Shell X L M N 0 P
om| 2 3 4 5 6 -
1\ s s p s p d s pd f s p d s
Element 0 o1 o1 2| o012 3 |26 1 0 .
57 La | 2 26 | 26 10 2 6 10 — | 01 2 2
58 Ce | 2 26 | 26 10 261 1|26 1 2
9 Pr | 2 26 | 26 10 2610 3|26 — 2
6 Nd | 2 26 | 26 10 2610 4|26 — 2
61 Pm | 2 26 | 26 10 2610 5|26 — 2
62 Sm | 2 26 | 26 10 2610 6| 2 6 — 2
63 Eu | 2 26 | 26 10 2610 7|26 — 2
64 Gd | 2 26 | 26 10 261 7|26 1 2
65 Tb | 2 26 | 26 10 2610 9| 26 — 2
6 Dy | 2 26 | 26 10 261 1 | 26 — 2
67 Ho | 2 26 | 2610 2610 1 | 26 — 2
68 Er | 2 26 | 26 10 261 12 | 2 6 — 2
6 Tm | 2 26 | 26 10 2 610 13 | 2 6 — 2
70 Yb | 2 26 |26 10 2610 14 | 2 6 — 2
71 Lu | 2 26 | 26 10 2 610 14 | 2 6 1 2
7 B | 2 26 [ 26 10 27610 14 | 2 6 2 2

absent — are very narrow. Their width at room temper-
ature is between 0.5 and 1 nm, and at the temperature
of liquid nitrogen (— 196 °C) the line width can be as
small as 0.3 nm. In this respect substances activated
with trivalent rare earths differ considerably from

810 525

745 535
685

580

590

Fig. 4. Part of the energy level scheme of trivalent europium,
indicating the transitions accompanied by the emission of light (6],
The figures denote the wavelengths of the relevant spectral
lines (rounded off to 5-nm).

variation in the positions of the spectral lines.
Roughly speaking, they are similar to the spectra
found upon excitation in a non-perturbing environ-
ment (i.e. in a spark discharge; fig. 4). Owing to the
electric field in the crystal, however, the energy levels
exhibit a more or less pronounced splitting (Stark
effect), so that each line is replaced by a number of
neighbouring lines.

The situation is different for the relative intensities
of the lines; these can be markedly different, even where
there is not much difference in the environment of the
jons. An example is to be seen in fig. 5, which gives
the fluorescence spectra of Gd2Os-Eu, Gd203.B203-Eu
and GdVO,-Eu under excitation by short-wave ultra-
violet radiation. In the first phosphor the red lines at
611.3 and 614.2 nm, which correspond to the transi-
tions from the 5Dg to the 7F, level, are much stronger
than the orange lines at 590 nm, which relate mainly
to transitions from the 5D to the 7F level. In the
second phosphor the situation is exactly the opposite.

Owing to the negligible interaction with the envir-
onment, the efficiency of the fluorescence is often -
high and depends very little on the temperature: some
phosphors can be heated up to 300 to 400 °C without
any appreciable drop in efficiency (fig.6). In this
respect as well the Eu-activated phosphors are superior
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to the sulphide phosphor, whose intensity has already
dropped to one half at about 100 °C.

Owing in particular to the great variations in the
intensities of the various spectral lines that can be
emitted, it is by no means possible as yet to predict the
combination of matrix compound and activator that

-z 580 600 620 640mm
Q 1 1 1 1
B0 600 620  &40nm
o
€ 580 600 620 _640nm
—_—

Fig. 5. The wavelengths of the lines of the fluorescence spectrum
are hardly influenced by the nature of the matrix activated by
europium. The spectra shown here are those of @) Gd203-Eu,
b) Gd203.B203-Eu and ¢) GdVOs-Eu. In all three phosphors a
cluster of lines is found between 590 and 600 nm and one be-

tween 610 and 620 nm. The intensity distribution, however, -

differs substantially. (The ordinate scales have been chosen so
that the highest peaks in the three figures have about the same
height.)
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Fig. 6. Intensity of the fluorescent radiation of some Eu phos-
phors plotted against temperature. The intensity at room tem-
perature is assumed to be 100%. Up to 300 °C the temperature
has hardly any effect.

should be chosen to obtain a phosphor that meets
rigorously defined requirements; a good deal of re-
search in this field remains as yet to be done.

The preparation of Eu-activated phosphors

The Eu-activated phosphors are prepared by means
of chemical solid-state reactions. First, a highly homo-
geneous mixture of the starting materials is made.
This mixture is then fired in air and kept for a certain
time at an elevated temperature (1000 to 1300 °C).
The preparation of Gd2Os-Eu, for example, can start
with a mixture of very pure Gd:Os; and EuqOs, or
with europium and gadolinium salts which dissociate
upon heating and yield an oxide. Since solid-state
reactions are seldom entirely complete, the product
is finely ground after heating, homogenized and then
fired again.

A starting material that has proved to have very
suitable properties is europium oxalate. This disso-
ciates at a relatively low temperature forming an ex-
tremely fine and hence highly reactive powder. This
oxalate is obtained by dissolving europium oxide in
HC], adding oxalic acid, and then filtering off, washing,
and drying the precipitate. ’

We have also found that the efficiency is improved
by adding to the starting mixture a certain quantity -
of a fluoride, preferably europium fluoride.

There are limits to the amount of europium that
can be added to the matrix compound. At a certain
europium concentration the efficiency reaches a
maximum; it then starts to decrease (an effect known
as concentration quenching). With GdsO3-Eu we

(81 From M. A. El'yashevich, Spectra of the rare earths, book 2,
Off. Tech. Serv., Dept. of Commerce, Washington D.C. 1961.
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found [7 that the maximum is at about 0.06 gram-
atoms of europium per mole GdzOs. :

To obtain high efficiency phosphors one has to choose
rare earths that can easily find a place in the matrix
lattice. It is therefore necessary to choose substances
in which the metal ion has the same valency and rough-
ly the same radius as europium;-examples are Gd20Os3,
Y203 and GdVOq. It is probably advisable as well to
use a matrix compound whose crystal structure is
similar to that of the corresponding europium coms-
pound: the crystal structure will not then be affected
‘ by the incorporation of the activator. Gd:03 and
Eu203 meet this requirement, but LasO3 and EuzO3
do not. This may explain why the radiant efficiency
- of LasOs-Eu with cathode ray excitation is lower
than that of Gds03-Eu and Y20s-Eu.

Properties of technical importance

As we saw from fig. 3, Gd2O3-Eu mainly emits
light with wavelengths of 611.3 and 614.2 nm. The
colour point has the co-ordinates x = 0.66 and y = 0.34
These are almost the same as those of the conventional
red phospor (0.2Zn, 0.8Cd)S-Ag and therefore differ
very little from the chromaticity co-ordinates standard-
ized by the NTSC (National Television System Com-
mittee) in the United States (x = 0.67-and y = 0.33),
corresponding to a spectral line with a wavelength of
611 nm.

In Table II the efficiency of Gd2O3-Eu is compared
with that of (0.2Zn, 0.8Cd)S-Ag. Because of its excep-
tionally high lumen equivalent, the luminous efficiency
of Gdy03 is much higher than that of the sulphide,
although its radiant efficiency is lower. This applies
however for all oxide phosphors; Gd203-Eu even has
the highest radiant efficiency in this group.

It is interesting to compare the above data with
those of two other Eu phosphors developed elsewhere:
Y203-Eu 8] and YVOg4-Eu [9]; the latter phosphor is
now used on a fairly wide scale. The spectrum of
Y203-Fu is almost identical with that of Gd2Os-Eu,
but our measurements show that the efficiency is

Table II. Comparison of the radiant efficiency 7, the lumen
equivalent L and the luminous efficiency / of the red phosphor
previously used in ordinary television tubes, of the red phosphor
used for large-screen projection television, and of the europium
phosphor on the basis of Gd20s. The values refer to normal
loading in ordinary television tubes. Under very high loading, as
in projection television, the sulphide phosphor shows saturation
and is inferior to (Zn, Be)2SiOs-Mn. The relation between the
three given quantities can be expressed as: I = 7 L.

7 L )

(%) | Qm/W)| (Im/W)
(0.2Zn, 0.8Cd)S-Ag 17 75 13
(Zn, Be)2SiOs-Mn - red filter 3 185 5.5
Gde0s-Eu o | 300 | 27
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lower. For YVOg-Eu the two strong red spectral lines
have a somewhat longer wavelength (614.and 619 nm);
in addition there is a strong line at 700 nm. Of course,
this spectrum makes it possible to reproduce the dark
red colours rather better than when Gdg2Os-Eu is
used — the colour co-ordinates lie farther over in the
red corner — but the lumen equivalent is not nearly
so good: we found only 245 Im/W, compared with .
300 Im/W for Y203-Eu and GdsO3z-Eu. The question
of which phosphor is to be preferred for practical
applications, quite apart from the subjective element
in the judgement, cannot be answered on the grounds
of these properties alone. Apart from efficiency and
colour co-ordinates there are other factors, which
are outside the scope of this article, such as the cost
and workability of the phosphors. .

A further important advantage of the Eu phosphors
is the fact that they are white when viewed.in daylight.
Because of this property the dominant wavelength of
the colours in a picture does not change when lighting
is switched on near the screen: the colours only become
somewhat less saturated. For example, on the screen
of a tube coated with a Eu phosphor the black parts
turn dark grey, whereas on a screen coated with a
conventional sulphide phosphor, which is orange,
they turn rather orange-brown (fig. 7).

Fig. 7. When artificial illumination is switched on, the eye re-
ceives reflected light (colour co-ordinates taken as F) as well
as the fluorescent radiation from the tube screen (colour co-
ordinates taken as R). The colour co-ordinates 4 of the combined
light lie somewhere on the line RF: the stronger the artificial .
lighting, the nearer 4 isto F. In the case represented here a fairly
marked colour shift takes place. If the phosphor is white, we

- have the special case where F coincides with C. Point A4 is then

always on the line CR. When artificial lighting is switched on
there is now no colour shift, the only effect is that the colour
becomes less saturated. .




1966, No. 1

Europium-phosphor screens are also ideally suited
for large-screen projection tubes, where the images
from a red, a blue and a green fluorescent tube are
projected one over the other greatly magnified. The
tubes have to be very heavily loaded to obtain suffi-
cient light on the projection screen (191, Eu phosphors
are very suitable for such applications. In the first
place the load can be raised very considerably before
any saturation becomes noticeable in the light emission.
In the second place, as we have seen (fig. 6), the emis-
sion is hardly affected by temperature over a very
wide range, so that the efficiency is not impaired by
the high temperature resulting from heavy loading.
Moreover, the efficiency is five times higher than that
of the phosphor now most widely used for large-screen
projection television (manganese-activated zinc-beryl-
lium silicate; see Table IT). When a europium phosphor
is used, 16 Im/W is obtained on the screen with white
light, compared with 11 Im/W for a silicate phosphor.
This considerable improvement only partly illustrates
the high efficiency of the Eu phosphor, because the
limiting factor is now no longer the red phosphor,
but the blue one.

Summary. The conventional red phosphor in picture tubes for
colour television has a fairly low efficiency, because its fluores-
cence spectrum is very wide and the lumen equivalent of the
radiation therefore rather low (75 Im/W). It has been found

that phosphors activated with trivalent rare earths (in particular

europium) can have extremely narrow spectral lines and hence a
much higher lumen equivalent (& 300 Im/W). In these metals
the 4f group of the N shell is not completely filled. Owing to the
depth of this shell the wavelength of the europium lines is very
little affected by the nature of the matrix compound; their in-
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The practical application of Eu phosphors need by

no means be confined to television tubes. Owing to

the presence of a small number of narrow emission
lines combined with a high efficiency, they are very
suitable as a material for lasers, although they then
have to be prepared in the form of single crystals. The
preservation of their favourable properties at high
temperature also makes them attractive for use in
those types of discharge lamps in which the phosphor
can become very hot, particularly in high-pressure
mercury vapour lamps with a fluorescent coating.

(7 See the second of the articles in reference (2],

81 The characteristics of this phosphor have been investigated
by K. A. Wickersheim and R. A. Lefever (J. Electrochem.
Soc. 111, 47, 1964), by N. C. Chang (J. appl. Phys. 34,
3500, 1963) and by R. C. Ropp (J. Electrochem. Soc. 111,
311, 1964 and 112, 181, 1965).

81 Characteristics of this phosphor have been investigated by
L. G. Van Uitert, R. C. Linares, R. R. Soden and A. A.
Ballman (J. chem. Phys. 36, 702 and 1793, 1962). The
phosphor was proposed and developed for use in colour
television tibes by A. K. Levine and F. C. Palilla
(Appl. Phys. Letters 5, 118, 1964).

[10) For further details see T. Poorter and F. W. de Vrijer,
Philips tech. Rev. 19, 338-355, 1957/58.

tensity ratio is however affected. The Gd203-Eu phosphor devel-
oped in the Philips laboratories emits two strong red spectral
lines (611 and 614 nm, colour co-ordinates x = 0.66, y = 0.34) and
has a luminous efficiency of 27 Im/W. This is more than twice
as high as that of the conventional phosphor. The luminance of
white on the screen of a picture tube can therefore be roughly
14 times higher. Because its fluorescence is almost temperature-
independent up to 300 °C, the phosphor is also ideally suited
for large-screen projection television tubes and for use in dis-
charge lamps that becorme very hot.
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Impact-mounting
of components on printed wiring panels

H. Groenhuis and W. L. L. Lenders

621.397.62.049.75.002.72

In the mechanized mounting of components on printed wiring panels the aim is to
design machines that can insert the maximum number of components in the shortest time,
at the minimum capital outlay. Not long ago, Philips in Eindhoven brought a new machine
into use which can mount ten components in a panel simultaneously. The mechanism is in-
teresting, consisting basically of a swinging arm which moves in much the same way as the

human forearm.

In recent years the mechanized mounting of compo-
nents on printed wiring panels has made interesting
progress. After the cutting-and-bending device and the
assembly line, previously described in this journal [11,
a new technique has been developed, called impact-
mounting. Before dealing with this system, we shall
briefly recall the other methods in use.

H. Groenhuis and W. L. L. Lenders are with the Works Mecha-
nization Department of Philips Radio, Gramophone and Television
Division, Eindhoven.

Cutting-and-bending machine and assembly line

The cutting-and-bending machine is very simple in
design and versatile in operation, but calls for a con-
siderable amount of manual manipulation. The connec-
tion wires of the components have to be previously
bent so that they can be inserted into the holes in the
panel. The panel is set up on the machine by hand,
and each component is separately inserted by hand;
the machine then cuts off and bends over the ends of
the wire projecting through the panel.

On the assembly line all these operations are fully
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mechanized. The machine consists of a series of in-
sertion heads, each of which can insert one compo-
nent at a time in a panel under the head. An intermit-
tently moving conveyor belt feeds 100 panels under the
heads. If the assembly line contains 20 heads, then 20
components are mounted in each panel in one complete
pass of the conveyor belt. For example, to mount 90
components on the panels, they have to travel five times
under the heads. After each pass the insertion heads
have to be supplied with another 100 components and
their positions in relation to the panel have to be
changed. The heads can be reset for this very quickly,
so that small runs of panels can also be handled
efficiently. There are insertion heads for different kinds
of component, — resistors, valve holders, and so on.

Impact-mounting

The impact-mounting machine is much simpler than
the assembly line. There is only one position in the
machine for the panel, which is introduced by hand.
The new aspect of the method is that different compo-
nents, up to ten in number, can be inserted in the
panel simultaneously. This has been achieved by
arranging the insertion heads not, as in the assembly
line, above the panel, but around it, and by giving the
mechanism a semicircular instead of a linear motion.
Each head is therefore fixed to an arm which has a
swinging movement. When the arm is at one end of its
swing the component is picked up by the head, and at
the other end of the swing it is inserted in the panel. In
both positions the component is turned so that its
connection wires are pointing downwards. This is
made possible by a second movement of the arm, a ro-
tation of 180° around its axis. The arm rotates as it
swings, and indeed the whole motion of the arm can
best be compared with that of the human forearm.

Since the actual insertion of a component does not
take much longer than in the assembly line, the simul-
taneous mounting of different components gives a
considerable saving of time. If, for example 90 com-
ponents have to be inserted, it can be done with 9 im-
pact-mounting machines. Depending on the number
of panels to be produced, these 9 machines could be
attended by | to 9 operators. For small runs, how-
ever, fewer machines are sufficient, since the arm units
can be rearranged on the bench top. It is then advanta-
geous to have one spare machine so that while one is
being reset by the mechanic, production can continue
at the other machines. The arm units are not fed with
separate components but with strips each containing
1000 components (see title photograph) taken straight
from the box in which the component manufacturer
packs his products. Some possible layouts for the im-
pact-mounting machine are shown in fig. /.
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Fig. 1. Two possible arran-
gements of arm units on a
work bench. The rectangle
represents the panel. Up to
ten arm units can be used.

Construction of the arm unit

The simplified sketch in fig. 2 gives a rough idea of
how the mechanism of the arm unit works. More de-
tails can be seen in a photograph below. The arm 3 to
which the head 7 isfixed swings from position I to posi-
tion /I and back. The strip /0 containing the compo-
nents is fed into the machine by the mechanism C, the
lever 6 being controlled by a cam 5 fixed to the arm-
holder 4. Working in conjunction with this mechanism
the head cuts the component from the strip, simulta-

Fig. 2. Sketch of the mechanism of an arm unit. 7 is the bench
top, and beneath it is located the driving mechanism A4 which, by
means of Bowden cables 2, imparts a swinging movement to the
arm 3 with its inserting head 7 (red). The mechanism B ensures
that during its 180° swing from “grip position™ I to “insert posi-
tion™ // the arm also rotates 180° around its own axis. The cam
5, fixed to the arm-holder 4, operates, through the lever 6 (bluc),
the mechanism C, which controls the feed of the component-
strip /0. On coming down in position / the head cuts the connec-
tion wires of the component, bends them over and grips the com-
ponent. In position /I the connection wires are punched into the
holes in panel & so that they bend over against the stops 9 and
are thus fixed firmly to the panel.

11 R. van Beck and W. W. Boelens, Printed wiring in radio sets,
Philips tech. Rev. 20, 113-121, 1958/59.
R. van Beck and A. J. Halbmeyer, Mechanized mounting of
components on printed-wiring panels, Philips tech. Rev. 24,
41-57, 1962/63.
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neously bending the connection wires and gripping
the component tight. After a swing of 180° the compo-
nent is inserted at position //. The connection wires
are punched through holes in the panel 8 against con-
cave stops 9, under the panel, which bend them in the
appropriate direction. The component is now attached
firmly to the panel. During itsswinging motion the arm,
as mentioned, rotates 180° about its axis, so that the
component arrives in the proper position above the
panel.

Fig. 3 gives a somewhat schematic section at the
long axis of the component-feed mechanism (blue)
and the cutting mechanism (green). (The components
themselves are shaded.) The components are pulled
forward by a rake /2, which has two teeth that engage
the connection wires of the components. As our start-
ing point we take the situation in which the arm is in
position 7 (see fig. 2) and a component is gripped in
the head. The spring 17 is prevented from pulling the
lever /6 to the left, because in position 7 lever 6 is held
back by the cam 5. When the arm moves upwards,
lever 6 can turn to the left, so that lever /6 is released
and plate 22 with the rake attached to it moves to the
left. While the arm is swinging towards the panel to
insert the component, the rake shifts the strip with
components over the distance required to bring the
next component into the appropriate position. (This
situation is represented in fig. 3.) When, after complet-
ing a cycle, the arm returns to position /, the cam and
rod system pushes the rake to the right again, so that
it is ready for the next cycle. While this is happening
the strip with components is held by the teeth /7.
When the arm has completed its swing to the right,

17
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the head descends on to the cutters /8 and forces them
down against the action of the springs 23.

A

Fig. 4. Mechanism for cutting and bending the connection wires
and for gripping the component. The head 7 (red) pushes the
cutters /8 (green) down the inside surface of plates /9, thus cut-
ting off the wires. Studs 20 then bend the wires around plates 2/.
The body of the component R is gripped by two nylon pads 25
which are pushed against the component by two springs 26.

The mechanism for cutting off and gripping the com-
ponent is illustrated in fig. 4. The impact of the head
forces the cutters /8 (green) down the sides of the plates
19, so that the wires are cut off. Immediately afterwards
two projecting studs 20 on the head bend the wires
over the plates 2/ and the head grips the component
bodily by means of two spring-loaded nylon pads.
Fig. 5 illustrates the mechanism shortly after the head
has gripped a component. The component-feed
system is clearly visible in this photograph.

The arm mechanism

The movements described by the arm will be discussed
with reference to fig. 2. During the swing from / to /’
the head remains in the position for grip-
ping a component. Between /" and /1" the
arm rotates 180°, so that at /I’ the head
has taken up the correct position for in-
serting the component. It maintains this
position as far as //, and in the return
swing as far as //’. The arm then turns
round again so that the head at /I’ is back
in the “grip’* position, and so on.

6 I

: Fig. 6 illustrates the mechanism which
0 produces all these movements. The holder

Fig. 3. Mechanism for feeding in and cutting oft the components. (This sketch
shows only the most important parts; the moving parts responsible for the feed

are marked blue, thosec for cutting the components are green.)

11 teeth on which the strip of components rests. /2 rake which, upon each
stroke ol the arm, pulls the strip to the left so that a new component comes
to rest under the cutters /8. The ruke is fixed to a plate 22 which is drawn to the
left by lever /6 and spring /7. This happens as soon as lever 6 (see fig. 2) is able
to turn anti-clockwise after arm 3 with cam 5 has been raised. Plate 22 is held
by a spring and a roller 24 which permit movement in the horizontal direction

4 (blue) in which the arm (red) is fixed can
pivot around two tapered horizontal pins
35 fixed in a housing 34. The pivoting of
the holder allows the swinging motion of
the arm; the Bowden cables 24 and 2b,
which lie in grooves in the lower part of
holder give the backwards-and-
forwards movement. The arm can rotate
around its own axis in the holder; the

the

only. The components are severed by cutters /8 which arc pushed down by the

head 7 against the action of a spring 23.

drive consists of two bevel gears, gear-
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Fig. 5. The feed system and
cutting-and-bending mechanism.
The cutters and the rake can
clearly be seen. Springs with
weights /5 hold down the com-
ponent connection wires, and
weights /3 with vertical plates
keep the components in the right
position.

wheel 27 (red) which is
fixed rigidly to the arm,
and gearwheel 30 (green)
which rotates on a stub on
the holder. The latter gear
is flexibly connected to the
housing by a pin 32 which
fits in a groove 33 in the
housing and is pressed to-
wards the centre of the
groove by springs 3/ (cross-
section A-A). During the
movement from [’ to I,
gearwheel 30 is held station-
ary with respect to the
housing by the pin and
springs, and gearwheel 27
rolls on 30 so that the shaft
rotates. When the arm has
completed the required ro-
tation, stud 29 comes up
against one of the stops 28
(cross-section C-C), pre-
venting further rotation of
the arm and hence of gear-
wheel 27. The arm continues
its swinging motion, how-
ever, so that gearwheel 30
has to rotate, in which pro-
cess pin 32 is pushed along

its groove against the action Fig. 6. Cross-sectional views of the arm mechanism. The housing 34 is fixed to the bench top.
of upiings i When fhe The holder 4 (blue) in which the arm 3 (red) is fitted can pivot around two pins 35 (for the

pring : swinging motion of the arm). The arm can rotate in its holder. Gearwheels 27 (red) and 30
arm swings back again (green) produce this rotation during the swinging of the arm.
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after reaching the end of its travel, the pin first goes
back to the centre of the slot, so that 30 returns to its
original position, gearwheel 27 :olls on 30 again and
the arm rotates in the other direction.

The drive for the whole of {is rather complicated
series of movements thus cal’; for only two cables
which have to be pulled back und forth over a certain
fixed distance for each movemcnt of the arm. This does
not take place at the same sp:ed in the two directions,
more work being needed to urip a component (includ-
ing the cutting and bending of the wires) than for in-
serting the component. The mechanism responsible for
moving the cables will no' be discussed here. It is si-
tuated under the bench (¢ e fig. 7) and consists mainly
of two cams which give a'. up and down movement to a
rod to which the cable . are attached. The cams are
driven by an electric riotor with a “one revolution”
clutch. This allows the zam to complete one revolution
when a contact is closed. The machine is very simple to
operate, all that is n¢ :ded being to place the panel in
the right position on the bench and to press it against
the above-mentioned contact. The switchbox at the
the bottom right of the work bench in fig. 7 contains
the main switch and fuses and also a simple rectifier
which supplies the voltage for operating the clutch.

Finally, let us again compare the impact-mounting
method with the completely mechanized assembly-line
system. We have already mentioned the fact that im-
pact-mounting offers a higher assembly speed. Another
virtue is that the simpler construction of the mounting
units reduces the number of faults that can occur. An
advantage of the assembly line, on the other hand, is
that during production the operators can quickly and
easily reset the line for the assembly of a different type
of panel, whereas with the impact-mounting machine
this calls for more time and skill. For a given produc-
tion capacity impact-mounting involves a lower capital
outlay than mechanized line assembly, although the
line can still be more profitable because of the simplici-
ty of resetting the heads when different types of panel
have to be assembled soon one after another. Each
method, then, has its own field of application: impact-
mounting is indicated for large or medium production
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Fig. 7. Impact-mounting machine with six arm units. The drive
mechanism, using Bowden cables, which give the arms their
backwards-and-forwards movement, can be seen under the
bench. The drive comes into action when the panel is fitted in
place and pushed against a contact (see title photograph).

runs of only one or two types of panel, and line assem-
bly is indicated for the quantity production of widely
varying types.

In the methods described here components of con-
ventional form are used. It would be possible to sim-
plify the assembly machines considerably and thus
substantially cut down on costs if the design of the
components were specially adapted for mechanized
assembly.

Summary. Impact-mounting is a new technique for inserting com-
ponents in printed wiring panels. Up to ten components can be
simultaneously mounted on a panel which is placed in the machine
by hand. The components are fed into the machine in strip form.
A number of arm units are arranged around the panel, each unit
consisting of an arm fitted with an inserting head. The arm swings
through an angle of 180°. At one end of the swing the head severs
a component from the strip and grips it, and in the other extreme
position it inserts the component in the panel. During the swing,
the arm also rotates 180° about its own axis so that the compon-
ent arrives in the right position above the panel. The rotation is
derived from the swinging motion by means of a system of gears.
Since the rotation has to be completed before the swing, this in-
volves a rather complicated mechanism. The components are
fed into the machine by a system of levers also operated by the
arm. A comparison is drawn between impact-mounting and the
fully mechanized assembly line method previously described.
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Colour television transmission systems

F. W. de Vrijer

621.397.132

Few will dispute the economic and technical usefulness of standardization. Indeed, at the
present time, considerable efforts are being made to bring about a degree of orderliness in
the variety of measures, parameters, definitions, symbols, etc., that have grown unchecked
in many branches of technology. International standardization is, in fact, absolutely essen-
tial as a preliminary fo new developments that are only just under way, especially where
huge investments are involved, as is now the case with colour television in Europe. It is to be
hoped that, in the imminent decision in the struggle between the rival systems, the need
Jor uniformity will prevail. In this article, the author attempts to set out as objectively
and as clearly as possible the questions under discussion.

Additive colour-mixing of three basic colours is used
for colour television. In order to obtain as wide a
range of colours as possible [1] red, green, and blue are
used as the basic colours (fig. I). Nearly all naturally
occurring colours can in principle be faithfully repro-
duced with the phosphors currently used to give the
basic colours in the picture tube.

If, for example, a shadow-mask tube [2] is used as
the picture tube, then, to obtain a colour picture, the
three electron guns of this tube have to be controlled
by the appropriate video signals. This means that the
“red” signal must be applied to the “red” gun, the
“green” to the “green” gun and the “blue” to the
“blue” gun. These three television signals, represent-
ing the red, green and blue components of the picture,
and which originate in the studio from, for instance,
a colour television camera with three camera tubes,
have to be supplied to the receiver at the same time
(the simultaneous system). There are various ways of
transmitting the three signals from the transmitter to
the receiver, each one leading to a different colour tel-
evision transmission system. One such system, the
NTSC system, has already been introduced in the
United States and Japan. In many other countries a
decision on the transmission system to be used is im-
minent. There is a great deal of lively international
discussion — and disagreement — on this subject.

The three most important systems under discussion

Dr.F.W.de Vrijer is with Philips Research Laboratories, Eindhoven.

Fig. 1. Colour diagram, with the spectral pure colour curve,
(wavelengths shown in nanometres), and the “standard white”
colour at C (colour co-ordinates x = 0.310, y = (.316). R, G
and B are the basic colours chosen for colour television. If

the three phosphors used

provide these colours, addi-
] tive mixing of the colours

in the picture tube can give
all colours lying within
or on the triangle RGB.
Reflection colours occurring
) in nature are located within
08 920 026 the dotted outline, as well
510 540 as those of all known paint
Y G pigments and printing inksf1,
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(11 F. W. de Vrijer, Fundamentals of colour television, Philips
tech. Rev. 19, 86-97, 1957/58.
21 H. B. Law, A three-gun shadow-mask color kinescope,
_ Proc. IRE 39, 1186-1194, 1951. See also: R. R. Bathelt and
G. A. W. Vermeulen, An experimental fluorescent screen
in direct-viewing tubes for colour television, Philips tech.’
- Rev. 23, 133-141, 1961/62. . ~
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are NTSC, PAL and SECAM. Before discussing the
differences between them we shall ‘deal with some of
their similarities. A more detailed discussion of the points
of similarity can be found in the article quoted [,

General principles of NTSC, PAL and SECAM

The “red”, “green” and “blue” signals R, G and B
from the camera (or other signal source) are first sub-
jected to a non-linear process called gamma correction,
to compensate for the non-linear characteristic of the
average picture tube. This characteristic, i.e. the rela-

" tionship between the luminous flux @ and the control
voltage V (measured from the cut-off point) is approxi-
mately a power law for the conventional picture tubes:

dcV,

the exponent y being about 2.5. If the camera tubes
give signals proportional to the illumination of the
photosensitive layer (as with the “Plumbicon” camera
tubes), the relationship between the output voltage ¥,
and input voltage V; of the gamma correctors must be:

Vo oc Vi 17,

Gamma correction, then, ensures that the intensity
of the red, green and blue at every point of the
reproduced picture is proportional to the intensity of
the red, green and blue at the corresponding point of
the original scene. This is very important for good
colour reproduction.

The gamma-corrected signals R, G’ and B’ are
linearly combined in a “matrix” to form three other
signals (see fig. 2). One of these, the “brightness”
or “luminance” signal: .

Y=030R+059¢ -+011B,. . . ...

rrf;lodulates the carrier-wave in the same way as in
black-and-white television. This ensures that the
colour transmission is “compatible”, i.e. that it can
be received by a standard black-and-white receiver

Ry [CorlBa :
. M
‘ Cam Gy ICorr}C =
. 2 -
0 B, B,

Fig. 2. Block diagram of a compatible transmission system for colour television. O is the
scene, Cam the camera, Corr are gamma correctors, LP low-pass filters, and Z is the trans-
mitter. The linear combinations Y’ (the luminance sighal) and S1 and Sz (colour difference
signals) are produced from the gamma-corrected colour signals R’, G’ and B’ by the
“matrix” M. Up to this point, NTSC, PAL and SECAM are identical, but they differ in
the manner in which the sub-carrier is modulated by the colour information signals S1 and
Sz (in the cross-hatched area) in order to give the chrominance signal C. The luminance
dignal Y’ is passed through a delay network z to make its time delay equal to that of S:

and Ss.
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as a monochrome picture. The two other linear com-
binations of R’; G’ and B’ constitute the colour inform-
ation signals S1 and Ss. These modulate a “sub-
carrier” lying within the frequency band covered by
the luminance signal ¥’ (fig.3). The combinations:

S1 = a(R' — Y") }

S = BB —Y) (22)

which may also be written:

§1 = a(0.70 R —0.59 G'—0.11 B') - 2b)
Se = p(—0.30 R" —0.59G' + 0.89 B)|* *

are generally chosen as the colour information signals.
These are “colour-difference signals”: the sum of the
coefficients of R’, G' and B’ is zero, and therefore for

. neutral parts of the picture (white and grey), for

which R’ = G" = B’, both S, and S; are zero. (We
shall return later to the choice of the constants ¢ and
B.) Before these signals are used to modulate the sub-

v

S1S2

0 fs

—f

Fig. 3. Frequency spectrum of the complete colour television
video signal for a system like that shown in fig. 2. f5 is the sub-
carrier frequency.

carrier, their bandwidths are limited, to about 1Mc/s,
say.As explained in the reference quoted (1] this leads
to blurred colour transitions in the picture: but this
is quite permissible in normal pictures, as long as the
change in brightness at such transitions remains
sharp.

It has already been agreed internationally that those
countries using a 625 line black-and-white system,
including Britain and France, will use a sub-carrier
frequency of about 4.43 Mc/s.

The modulated sub-carrier is, in fact, an “interfer-
ence” factor in the lumi-
"nance signal. Certain meas-

ures have to be taken to
keep the effect of this inter-

ference on the picture
G, - within reasonable bounds,
especially with black-and- |

white receivers. This will be
explained further when the
different systems are dealt
with. Conversely, the cross-
talk on the colour informa-
tion signals due to the com-
ponents of. the luminance
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signal present in the relevant part of the video band
signals (“cross-colour™) also poses a problem.

The differences between the various transmission
systems that will now be discussed relate to the way in
which the two colour information signals modulate
the sub-carrier.

Colour information modulation in the three systems

The NTSC system BBl

In the NTSC (National Television System Com-
mittee) system, the total video signal that modulates
the carrier-wave is in the form:

Y’ -+ 0.88(R’' — Y')cos wst + 0.49(B’ — Y') sin wet. (3)

Here, ws/2t = f; is the frequency of the sub-carrier.
It can be seen from (3) that both colour information
signals amplitude-modulate the sub-carrier orthogonal-
ly, i.e. one colour signal modulates the cosine signal
and the other modulates the sine signal. These two
modulations result in amplitude and phase modulation
of the sub-carrier (fig. 4). The modulated sub-carrier,

0,88(R-Y")

Fig. 4. Vector diagram of
the chrominance signal in
the NTSC system. The phase
angle @ is determined by the
hue, the amplitude C (rela-
tive to Y’) by the saturation.

048(8~Y")

i.e. the sum of the last two terms in expression (3),
is also called the chrominance signal. This may be
written as

Csin (ws? + @), . (3a)
where
C = V[0.88(R' — Y')2 + [0.49%(B' — Y)]2  (3b)
and
. 0.88(R'— Y") 39
an = . C
? 0498 — 19

Since R'—Y" and B'—Y’ can vary independently of
each other and can be either positive or negative, all
possible values of the phase angle ¢ can occur. To a
first approximation, ¢ is determined by the “hue” (the
dominant wave-length) in the colour, and the ampli-
tude C (relative to the value of Y’) by the saturation.

Synchronous detection has to be used to separate

31 Color television standards — sclected papers and records
of the National Television System Committec (ed. D. G.
Fink), McGraw-Hill, New York 1955.
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S1 and Sz at the receiver. In this method, the chromi-
nance signal
S1 cos wst -+ Sa sin wgt

is multiplied in one channel by 2cos wst and in
another channel by 2 sin wst, by means of a suitable
circuit. We thus obtain, in the first channel:

281 cos? wst + 289 sin wgt cos wgt
= S1 + S1cos2wst -+ So sin 2wst.

Provided that the sub-carrier frequency fs is high
enough, i.e. greater than the band-width used for S,
then the only part of this signal left after passing
through a suitable low-pass filter is the signal S1. In
a similar way, the signal S is obtained from the other
channel. R’, G’ and B’ are recovered from Y, S;and
Sa by linear combination.

For synchronous detection, the auxiliary signals
cos wst and sin wst, in the correct phase, are required
in the receiver. In order to be able to obtain these
auxiliary signals, a “burst”, consisting of about ten
oscillations of the sub-carrier frequency, in a given
phase, is inserted into the transmitted signal after
each line synchronization pulse. A phase angle of
@ — 180° is chosen for this reference phase (see fig. 4).
These bursts are used to synchronize an oscillator in
the receiver to obtain the auxiliary signals, one directly,
and the other after a 90° phase shift. Fig. 4 shows the
reference burst in its correct phase in broken lines,
while fig. 5 shows the complete video signal for one
line of the picture, the picture consisting of a bar pat-
tern of different colours.

Figs. 6 and 7 show the block diagrams of the en-
coder and decoder in which modulation and detection
of the chrominance signal take place.

To reduce the visibility of the sub-carrier in the

e ;ync line interval (64 us)

— - — black level

3
=
3
&
I§]
.
-2
g - = — — = —white level
<
0 2
white yellow cyan green magenta red blue black
I 17 I ) I 1= I I T
Q= 180° — I67° 283° 241° 610 1030 3470 —

Fig. 5. Complete cycle of the NTSC video signal for one line
of the picture, the picture consisting of a bar pattern of the
given colours (not at maximum saturation). The strip beneath
gives the valucs of the phase angle ¢ of the modulated sub-carrier
in the successive colour bars. The reference burst (Ref) of the
sub-carrier, given after the line synchronization signal, may
also be seen.

N.B. This is not the normal colour bar signal often used in test
measurements.
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monochrome picture on a black-and-white receiver
as much as possible, the frequency of this signal in the
NTSC system is linked to the line frequency f1, by
the relationship: '

Js = (n+ D,

where #n is an integer. Thus, the maxima and minima
due to the sub-carrier signal are shifted through 180°
in relation to one another in successive lines, provided
that the colour in these lines is approximately the
*same. This holds for most lines. Since the total num-
ber of lines for a complete picture is odd, the phase

51 Mod S] cos wst
\ .

y v
-+ > + —T
. C

Gen [

90"
Sz Mod S, sin wst

Fig. 6. Block diagram of an NTSC encoder. Gen sub-carrier
generator. Mod modulators. The colour difference signals S1
and Sz modulate the sub-carrier of frequency fs “orthogonally”.
The chrominance signal C is obtained by addition and the result
is added to the luminance signal Y’ for modulating the vision
carrier.

— G > Reg cos wgt
90° 1
St

SDy - LP [—

5 acil
8P ‘—lsin wgt M

-G

S
e of SOt PR |
Ba=]

T
BS v v

. Fig. 7. Block diagram of a decoder for NTSC. Chrominance
signal C and luminance signal Y’ are separated by means of a
band-pass filter BP and a band-stop filter BS. C is detected in
two synchronous detectors SD; and SDp with a 90° phase differ-
ence. The sub-carrier required for this is obtained in the correct
phase (regenerated) because the oscillator Reg is synchronized
with the reference burst present in signal C. This burst is passed
to the regenerator each time through the gate circuit G, which
is controlled by the line synchronization pulses. After syn-
chronous detection and after the high frequencies have been
suppressed (in the low-pass filters LP), S1 and S are recovered.
“These signals, together with the luminance signal Y”, which has
again been passéd through a delay network T to equalize its
delay time with that of S1 and Se, are supplied to the matrix
M which, by linear combination, produces red, green and blue
signal for the operation of the picture tube.

The asterisks'at R, G and Bindicate that these signals are equal
to R’, G’ and B’infig. 2 only as far as the low frequencies are
concerned. The high frequencies for all three colour signals are
provided from the Y’signal (the “mixed-highs” principle; see the
article quoted [11).

L@
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Fig. 8. Crosstalk from the sub-carrier (of frequency fs) on the
luminance signal in NTSC, if fs = (n + %) times the line fre-
quency. The brightness maxima that the sub-carrier causes on
one line (e.g. line 3) lie vertically beneath the minima of the
immediately preceding line (in this case line 1). The resultant
averaging-out of the interference in the vertical direction is
improved still further because each maximum is replaced by
a minimum at the following frame scan (shown in broken lines).

of the sub-carrier is, moreover, shifted by 180°when the
same line is scanned in the next frame, provided that
the picture has not altered much during this time.-So,
at each point where there is a maximum at one scan,
there will be a minimum at the next, and vice-versa
(fig. 8). Because of the persistence of vision in the eye,
the average visible effect due to the existence of the
sub-carrier signal is very slight. A fairly high ampli-
tude may be permitted without any adverse effects.
This accounts for the excellent compatibility of the
NTSC system. The chosen frequency relation also
reduces crosstalk effects between brightness and col-
our signals of the colour picture to a very low level.

In most of the experiments on the NTSC system,
with 625 lines, including the test transmissions that
have been sent out since 1955 from Philips Research
Laboratories in Eindhoven 4], n has been taken as
283. The sub-carrier frequency is then 4429 688 c/s
-4 10 ¢/s. The tolerance is so close because of require-
ments for the sub-carrier regenerator in the receiver
(low “noise band-width”).

The compatibility of the NTSC system also benefits
from the fact already mentioned that the colour-differ-
ence signals S1 and S» are zero for white and grey,
and have correspondingly low values for unsaturated
colours. Practically all naturally occurring colours
are, in fact, of low saturation. Statistically it has been
shown that, with normal picture material, the average
amplitude of the chrominance signal in the NTSC
system is only 109 of the maximum possible ampli-
tude (51, ]

These investigations have had an effect on the choice
of the factors « and f§ in eq. (2). For compatibility,
small values for a and § are best (this makes the chro-
minance signal weak), but the colour information is
then highly sensitive to interference and crosstalk
from the luminance signal. Due to the favourable
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statistics, the fairly high values given in (3) could be
chosen for a and . The ratio of the chosen values of
a and B is such that the sensitivity to interference is
much the same for all the colours in the colour
diagram (61, -

The PAL system 7]

In the PAL (Phase Alternation Line) system, the
total video signal has the form:

Y’ 4 0.88(R'—Y") cos wst + 0.49(B'—Y")sin wst, (5)

the sign of the term 0.88(R'—Y") cos wst being different
in successive lines. For half of the total number of
lines, therefore, this signal is the same as that in the
NTSC signal dealt with in the previous section. In the
other lines, the chrominance signal is reflected in the
(B'—Y"’) axis (see fig. 9). )

Because of the periodic inversion, both the encoder
and the decoder for PAL are more complex than for
NTSC (see block diagrams in figs. 10 and 11). Moreover,
besides a reference phase, the signal transmitted must
also contain an indication which shows whether the
plus or minus sign of expression (5) applies. In the
latest PAL proposals [8]) this indication is combined
with the burst. Its phase in fact is not, as in NTSC,
always @ = 180°, but alternately 135° and 225°, so
thatthe component of thissignal in the (R'—Y”) direction
always corresponds to a positive value of (R'—Y"). In
this connection, therefore, the term “alternating burst”
is used (abbreviation AB).

The correct choice of the sub-carrier frequency is

. more difficult in the PAL system than in the NTSC
system. The NTSC frequency cannot be used in PAL.
The maxima and minima of the sub-carrier signals
for colours where B'—Y’' = 0 would lie directly one
beneath the other for all the lines in the picture,

0,88(R-Y’)
A S A
R
\\
N\
049(B~Y)
049(B-Y)
//
//
Ret/
¥
Fig. 9. Vector diagram of
the chrominance signal in
PAL, for two successive lines.
The phase of component
J 0.88 (R’—Y") cos wst is ar-
ranged to be 180° different in
088(R-Y’) successive lines.
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§1 Mod 5 CO? wgl
A
. R :
—> \? Com
! y )
180 + i T
Gen [—>
S2 Mod Spsin wgt

Fig. 10. Block diagram of encoder for PAL. It differs from
fig. 6 (NTSCO) in the addition of the 180° phase-shifting network
and the switch Com, which is switched over after every line
scan. The colour difference signal S1 thus modulates the vision
carrier alternately for each line as + S1 cos ws? and —S2 cos wst.

l ‘—l Ident
-+ G

+ —
—! [P =31 Inv *51 S
" "
Com —R
M ——G*
S2
LP —’B*
v

Fig. 11. The circuit diagram of a PAL decoder is, in the main,
similar to the diagram of an NTSC decoder shown in fig. 7.
Only the components shown here are inserted into the path of
the signal S1 (obtained by synchronous detection) to the matrix
M: Inv is an inverter stage; switch Com is reversed after every
line scan. Because this reversal is controlled by an identification
signal derived from the alternating reference bursts by means
of a circuit Jdent (connected to gate circuit G in fig. 7), the signal
-+ S is supplied to the matrix for every line.

because of the periodic reversal of R'—Y, thus giviﬂg
rise to a very annoying stationary vertical bar struc-
ture. For these colours, therefore, the right choice
would an integral multiple of the line frequency. This,
however, is a poor choice for colours where R'—Y" = 0.
A better one is fs = (n 4 1)1, and, in the 625 line
system, the result is even better if f5 = (n &= )/ +
a5 Ji. The additional shift of Zzfr. = 25¢/s in the

25

41 J. Davidse, Versuche iiber die Anpassung des NTSC-Farb-
fernsehsystems an die européische 625-Zeilen-Norm, Nach-
richtentechn. Z. 11, 461-466, 1958.

51 J. Davidse, NTSC colour-television signals, Electronic
& Radio Engr. 36, 370-376 and 416-419, 1959.

61 F. W. de Vrijer, The choice of chrominance signals in the
NTSC system with a view to the differential sensitivity of
the human eye to colour, Acta electronica 2, 103-109,
1957/1958. :

1 W. Bruch, Das PAL-Farbfernsehsystem — Prinzipielle
Grundlagen der Modulation und Demodulation, Nach-
richtentechn. Z. 17, 109-121, 1964.

88 EBU Ad-hoc Group on Colour Television, Document
Com. T(E) 197, Report of sub-group 1 meeting (Hanover,
June 1965), and Document Com. T(E) 208, Report of .
sub-group 1 (Rome, Dec. 1965).
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sub-carrier frequency ensures that the interfering
pattern is averaged out better in successive frames.
The current choice for the PAL sub-carrier is:

fs=28331L + e Ju = 4433619 c/s (+ 10 ¢c/s). (6)

In spite of these measures, the interfering pattern
in the PAL system is nevertheless more annoying
than that in the NTSC.system. The principal reason
for this is that, in NTSC, the pattern is averaged out
within two complete pictures, i.e. within 80 ms,
whereas, in PAL, this takes four complete pictures,
or 160 ms. This therefore means that the stroboscopic
effects that occur if the eye scans the picture at certain
speeds are of a coarser structure in PAL. The compati-

bility of PAL is therefore not as good as that of NTSC.

The SECAM system (0]

The luminance signal Y'in the SECAM system is
also transmitted in the normal way, together with a
sub-carrier modulated by the colour information.
The colour difference signals S1 and Ss, however, are
transmitted not simultaneously, but sequentially,
i.e. first line R'—Y’, then B'—Y’, etc. Furthermore,
the method of modulation used in the currently pro-
posed SECAM system (SECAM III) is not amplitude
modulation but frequency modulation.

When a SECAM signal is received, therefore, the
signals actually available at any one moment are the
luminance signal ¥’ and one of the two colour differ-
ence signals R'—Y’ or B'—Y'. However, to recover
the signals R’, G’ and B’that are needed for the oper-
ation of the picture tube, Y', R'—Y"' and B'—Y’ are
required at the same time. In the SECAM receiver, the
signal transmitted precisely one line interval previously
is used to fill the gap left by the absent colour difference
signal. This means that the receiver must contain a
memory that will retain the signal for one line interval
(64 ps). Hence the name SECAM, an abbreviation
of “Séquential couleur & mémoire”. An ultrasonic
delay line is used as the memory [10],

The method is based on the assumption that there
will generally be sufficient correlation between the
picture content in successive lines for this substitution

" to be permissible. However, in every picture there will
of course be some places with vertical colour transi-
tions. At such places, the colour difference signal
transmitted for the first line of the new colour is com-
bined with the other colour difference signal from the
previous line, i.e. the one belonging to the former col-
our. The result is a wrong colour. Moreover, in succes-
sive frames, the (R'—Y") and (B'—Y") signals for the
line concerned are alternately wrong. The errors thus
caused are, therefore, different in successive frames,
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giving rise to a flicker at a frequency of 12%‘c/s, ie.
half the frame frequency. This effect, which can be
a nuisance particularly where a transition occurs from
one saturated colour to another, is inherent in the
operating principle of SECAM.

Compatibility is also a considerable problem in the
SECAM system. Because frequency modulation is
used, the phase of the sub-carrier is not determined
by the modulating signal at any one moment. In fact,
with frequency modulation of a carrier of frequency
ws/27, a modulating signal S(¢) gives: ‘

A cos {wst + 0f’S(u)du}.

The phase difference of the modulated sub-carrier at
points on two successive lines lying one above the
other (or at the same point in successive pictures) is,
therefore, governed by the picture content. The selec-
tion of a suitable ws, as in NTSC or PAL is therefore
impossible. Itis possible to choose the sub-carrier phase
at the beginning of each line in such a way that the
resultsthere, i.e. ontheleft of the picture, are satisfactory.
Nevertheless, depending on the picture content there
may be poor areas elsewhere in the picture where,
especially with a black-and-white receiver, the sub-
carrier wave becomes obtrusive. This often occurs.
Moreover, with moving subjects, these areas also move,
which accentuates the unwanted effect.

It is, of course, possible to select a low amplitude for
the frequency modulated sub-carrier in order to im-
prove compatibility. This has the result, however,
that the colour information signal deteriorates par-
ticularly in its high-frequency components, because of
crosstalk from the luminance signal, noise, and other
possible forms of interference. It has been found im-
possible to achieve a wuseful compromise without
making the system more complicated. The following
measures have been taken: i

1) Pre-emphasis of the colour difference signals be-
fore modulation, i.e. relative amplification of the high
frequencies. (This is done by a simple RC network
with a time constant of 2.24 us). To avoid too great
a frequency deviation (i.e. too great in view of the
available band-width) in transients at an abrupt col-
our transition, the top and bottom of the signal are
clipped after pre-emphasis, so that |4f| is never
greater than 500 kc/s.

2) After modulation, the signal is fed through a
filter with a characteristic like that shown in fig. 12

91 H. de France, Le syst¢tme de télévision en couleurs séquen-
tiel-simultané, Onde électr. 38, 479-483, 1958.
R.Chaste, P.Cassagne and M.Colas, Sequential receivers for
French color TVsystem, Electronics 33, No. 19, 57-60, 1960.
{100 C. F. Brockelsby and J. S. Palfreeman, Ultrasonic delay
lines and their applications to television, Philips tech. Rev.
25, 234-252, 1963/64.
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Fig. 12. Transmission characteristic of the “shaping” or “mise
en forme” filter in SECAM. This filter has its attenuation peak
at the frequency fs of the unmodulated sub-carrier. The ampli-
tude of the signal transmitted through the filter at instantaneous
frequency fs must be 109 of the black-white spacing.
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sible values (the same is true in PAL). In SECAM,
in the first instance, no such benefit would be expected,
as with frequency modulation the carrier has constant
amplitude. However, because of the shaping, SECAM
also benefits from this statistical result, though not to
the same extent as NTSC and PAL.

3) If the luminance signal has strong components
in the frequency band of the chrominance signal, the
amplitude of the sub-carrier is temporarily increased
by a maximum of 6 dB.This lessens the effect of cross-
talk from these components on the colour difference
signals. The arrangements provided for this, together
with those for (1) and (2), are indicated in the block
diagram in fig. 13. «

We have seen that measures (2) and (3) introduce
again a certain amount of amplitude modulation of the
sub-carrier. Here however, this modulation is not
used for providing information: it is used purely to
improve the properties of the system.

In spite of these measures, the compatibility of the
SECAM III system turns out to be not as good as that

v v
l A
5 i y
_o}‘ Pr& LimV| » Mod FM| F AM + [>T
—S>——c{ C
2 Com
Fig. 13. Block diagram of an encoder for SECAM. Switch Com: is switched over after every
line scan. The pre-emphasis filter Pre-E and the video-signal limiter (Lim V) are used for
measure (1) described in the text and the “shaping” filter F for measure (2). Block A4 supplies
information about the strength of the high-frequency components of the luminance signal
Y’ to a circuit that correspondingly controls, to a certain extent, the amplitude of the FM
modulated sub-carrier (AM, measure (3)).
Sy
Del FD; 1 DeE—» LP [—+
c —F
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Fig. 14. Block diagram of a decoder for SECAM. The filters BP and BS separate the chro-
minance and luminance signals. The filter F~! (“reshaping”) cancels out the shaping provided
at the transmitter. The amplitude of the signal is then limited (in Lin), which helps to suppress
noise. The signal then travels, through a delay line Del with a delay of one line interval
(64 ps) and an equivalent attenuator A¢f to the double changeover switch Com, which is
switched over after every line scan and is so synchronized that the frequency discriminator
'FD1 always provides the (R’—Y”) signal and FDs the (B’—Y") signal. After compensation of
the pre-emphasis, performed at the transmitter, in the de-emphasis stages DeEand band-limiting
by means of the low pass the signals obtained are filters LP combined in matrix M with Y’

to give the signals R*, G* and B*.

(“shaping” or “mise en forme”). At an average low
sub-carrier amplitude (unsaturated colours) this gives
better protection against crosstalk from the luminance-
signal, noise and other forms of interference. We men-
tioned above that in NTSC some benefit is obtained
from the fact that |[R'—Y’| and |B'—Y’| are statisti-
cally rather small with respect to the maximum pos-

of PAL, and a fortiori worse than that of NTSC.

The effect of measures (2) and (1) has to be undone
in the receiver (“re-shaping” and “de-emphasis™);
see the circuit diagram in fig.14. It is, however, not
possible to do this for the clipping at Af > 500 kc/s.
This has an adverse effect on the quality of horizontal
colour transitions. '
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The effect of differential phase errors

'What, then, are the technical reasons that have lead
a number of experts to prefer the PAL or SECAM
system to the longer established, further developed
~ and, as practice has shown, quite satisfactory NTSC
system? The main reason is the concern about the
phase modulation of the NTSC sub-carrier. As we have
already said, the phase of the sub-carrier in the NTSC
system determines the hue. What can go wrong with
this? A phase shift of the complete NTSC sub-carrier
signal cannot in itself give trouble, since the hue is
determined by the phase difference from the reference
signal (the burst) which is also present in the signal,
and not by the absolute phase. Only if the phase shifts
for burst and chrominance signal are different will
colour errors occur. Such distortion in the signal can
arise in certain unperfected equipment because the
chrominance signal is superimposed on the luminance
signal, while the reference signal always is given at
black level (see fig. 5). If a phase shift dependent on
the level now occurs, there will be colour errors in the
NTSC image.

Although it has been found quite easy to keep these
“differential phase errors” to a minimum with modern
equipment, a more attractive idea appeared to be to
make the system insensitive to such errors. For both
PAL and SECAM, the basic concept was the avoid-
ance of difficulties due to phase shifts dependent on
the level. However, “what you gain on the swings
you lose on the roundabouts”, and so this can only be
done at the expense of something else. In the SECAM
system, the desired result is achieved by the. use of
frequency modulation: in fact in areas where colour
is uniform the frequency remains constant and the
phase has no effect. Differential phase errors can give
rise to colour errors only when the brightness varies,
but this effect is only slight and rarely visible in practice.
The price that has to be paid for this advantage has
already been partly explained above: the possibility
of annoying errors at vertical colour transitions, and
poorer compatibility.

In the PAL system, differential phase errors are in
the first instance less of a hazard because the colour
variations are averaged out. If the chrominance signal
contains a differential phase error a, then instead of
the desired signal, e.g. C sin @, the circuit shown in
fig. 12 gives the signals C sin(¢+a) and C sin(p—a)
for alternate lines in the (R'—Y") direction, see fig I5.
On average, this is 4C[(sin(p-+a) + sin(p—a)] =
C sin @ cos a. Likewise, the result will be on average
Ccos @ cos a for the (B'—Y") direction. The colour is
therefore incorrect for every line, because the colour
components have the phase ¢ + ainstead of ¢, but
the alternate colour errorsarein oppositedirections. The

VOLUME 27

colour yellow, for example, will be alternately too
green in one line and too orange in the next. A large
area of colour, however, seen from far enough away,
will nevertheless give the right hue, since the ratio
between R'—Y’ and B'—Y’ is on average exactly right.
The only ill-effect will be a degree of saturation that
is slightly too low (since cos a < 1), and this in general
is not very troublesome.

The above sets out the basic principle of PAL, but
unfortunately, in practice things may be a little differ-
ent. Because of the non-linearity of the picture tube
characteristic (y # 1), a “phase error gives rise to
brightness as well as colour errors and the brightness
errors are also alternate on successive lines. This
gives a fairly coarse pattern of stripes which moreover
appears to move in the vertical direction, because of
the interlacing. This effect has the result that the sensi-
tivity of the PAL receiver to differential phase errors
is as great as with NTSC, although the effects on the
picture are quite different. In NTSC they appear as
colour errors, but in PAL as a moving pattern of
stripes (“Venetian blind effect” or “Hanover bars”).

Nevertheless it is possible to improve the perform-
ance of PAL receivers in this respect. Instead of

Fig. 15. Vector diagram of the
chrominance signal of PAL
for two successive lines, where
there is a differential phase error -
a. The vectors shown in broken
lines occur instead of the sol-
idly-drawn vectors C. Because
@ changes its sign each time,
while a does not, there is a cer-
tain amount of phase error com-
pensation in PAL.

“leaving the averaging out of errors to the eye, a decoder

can be used which does this for the viewer by directly
averaging the electrical signals. This can be done with
the aid of a delay line, of the same type as that used
in the SECAM receiver, giving a delay of one line
interval (64 ps) (see fig. 16). The difference between
this scheme and SECAM is, of course, that the delay
line is essential to the operation of SECAM, whereas
it is introduced here purely for correction. The simple
PAL decoder is now known as PALs, that with a
delay line being referred to as PALd.

If the PALd decoder is used, the receiver is not very
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sensitive to differential phase errors. Averaging over
adjacent lines does involve a slight loss in vertical
definition in the colour difference signals, but this is
generally not noticed in the picture. The very trouble-
some effects that sometimes occur at vertical colour
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systems. The conclusion that must be drawn from this
is that the NTSC system is very good in this respect,
PAL not so good, but still reasonable, while SECAM
is clearly the worst. Many people, particularly in
France, think that it is nevertheless adequate.
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Fig. 16. Block circuit diagram of a decoder for PAL with a delay line (PALd). The chromi-
nance signal passed through filter BP is supplied to an addition and subtraction circuit
through the delay line Del (delay equal to one line interval) and the attenuator Atr. The
sum and difference signals are synchronously detected and further processed in the same
way as in the simple PAL decoder without a delay line (PALs). The components shown in
the diagrams in figs. 7 and 11 can also be found here.

transitions in SECAM do not occur in this system.

From a large number of measurements it appears
that the maximum permitted differential phase errors
occurring in the complete transmission chain are for
the different systems:

NTSC + 12°
PAL with PALs decoding 4 12°
PAL with PALd decoding + 40°
SECAM III + 40°

Closer comparison between the three systems

© A systematic comparison of the characteristic
features of the three colour television transmission
systems described shows that no one of them is the
best in all respects. Similarly, no one of them is the
worst in all respects. To arrive at a final assessment, it
is therefore necessary to assess the relative importance
of the advantages and disadvantages. It is impossible
to find a completely objective method of comparison.
We now give a survey of the most important features
that were considered for comparison, and also the
results of the comparative tests carried out on a large
scale by us [ and by others. Within the scope of
this article, of course, the discussion can be only of a
summary nature, but all relevant points will be given.

1) Compatibility

The degree of compatibility, i.e. the quality of the
. monochrome picture received by a black-and-white
receiver from a colour television transmission, has
already been mentioned in the discussion of the three

2) Quality of the colour picture under good conditions

The reproduction of individual colours is equally
good in each of the systems when a comparatively
noise-free signal with little interference is received
and good and properly adjusted equipment is used.
There are differences in the quality of the transitions
from one colour to another and in the degree of visi-
bility of the modulated sub-carrier on the picture. Once
again, NTSC emerges as the best system in both
respects. With the visible effect of the sub-carrier in
the picture, the situation is much the same as for
compatibility. There is, indeed, a band-stop filter in
the luminance channel of the colour receiver to atten-
uate the sub-carrier, but the stopband of this filter
must not be too wide, as otherwise the definition of the
picture would deteriorate. There is still therefore an
unwanted effect from the side-bands of the chromi-
nance signal, and this manifests itself at transitions in
the picture, where the pattern due to the sub-carrier
is again noticeable. Regarding these effects, NTSC
is the best, PAL slightly worse, and SECAM the worst.
The sharpness of the horizontal colour transitions is
much the same in both NTSC and PAL. This is deter-
mined only by the band-width of the chrominance
signal. For SECAM the situation is much worse, parti-
cularly at transitions between saturated colours,
as the frequency sweep used is rather large compared
with the bandwidth available for the chrominance

111 Report of EBU Ad-hoc Group on Colour Television, 2nd
ed., Feb. 1965. .
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signal. The higher order side-bands of the FM signal
thus fall outside the band at sharp transitions and
this leads to a loss of sharpness after detection. The
limiting of the frequency sweep mentioned in the
discussion of the SECAM system makes the tran-
sitions even poorer (121 (fig. 17 ). This argument against
SECAM carries particular weight in countries where
the difference in frequency between the vision and
sound carriers is 5.5 Mc/s, as in most Western Euro-
pean countries using the 625 line standard. In France,
this difference is 6.5 Mc/s, which makes the situation
somewhat less critical in this respect.

For the vertical transitions, we need only refer to
what has already been said on the subject. The order
of preference is: NTSC, PAL, SECAM.
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which is uncorrelated in successive lines, only adds
quadratically. Nevertheless, this improvement cannot -
be seen in the colour picture itself. This is probably
because the noise in the picture does receive a certain
degree of correlation from line to line because of the
staggered addition. This makes the noise more visible,
which apparently cancels out the 3 dB gain. Further-
more, it should be pointed out that, where there is
“white” noise in the received signal, most of the inter-
ference effects occur in the luminance channel.

In SECAMIII the situation is much the same as
in NTSC and PAL if there is not too much noise. If
the noise exceeds a certain threshold level, the impair-
ment effects suddenly become much worse (the
“silverfish effect”). This is a common occurrence in

H

(/]
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Fig. 17. The reduction in definition that occurs in SECAM in the reproduction of an abrupt
horizontal colour transition as a result of the limited bandwidth for the chrominance signal
(the clipping of higher side-bands from the frequency-modulated signal). The variation with
time of the transition from a colour Ki to a colour K3 is plotted. Curves /, 2 and 3 apply to
the case in which the frequency deviation for one of the two colour difference signals
(51 or S2) in the coloured areas K1 and Kz is —200 kc/s and + 100 kc/s respectively, with three
different limitations of the chrominance band, as given in the small graphs on the left. In
curve I’, with the same bandwidth limitation as in /, the frequency deviation for colours K1
and Kz was — 300 and < 300 kc/s respectively. Here also the limitation of the frequency sweep
to 500 kc/s can be seen. In fact, this limitation primarily concerns the high-frequency video
components occurring at abrupt transitions, since they are amplified by the pre-emphasis
and, on modulation, produce even greater frequency deviations.

It will be seen that the colour transition from one colour to another in curve /’ takes more
than 1 ps, which, in a 625 line system, corresponds to about ten picture elements (a horizontal

distance of more than ten line-widths).

3) Picture quality for signals with noise and interference

The way in which the picture quality is affected by
noise and interference in the signal becomes important
particularly where the receiver is in a “fringe area”,
i.e. at some distance from the transmitter. The lumi-
nance signal undergoes the same deterioration under
these circumstdnces as does a black-and-white trans-
mission, and the effects of this on the colour picture
are very similar to those which occur in black-and-
white television. In addition, in the colour receiver,
there are also the picture effects which arise in the
channels for the colour difference signals. These effects
are much the same in both NTSC and PAL. On the
subject of noise, one might perhaps expect an im-
provement of 3 dB in the signal-to-noise ratio in the
PAL system using a decoder with a delay line — as
the signals for successive lines add, whereas the noise,

FM systems [131. The actual location of this threshold
depends to a large extent on the equipment used. The
properties of the limiter that precedes the FM detector
are especially important here. In practice, this effect
mainly occurs when, besides noise, there is also a
degree of attenuation of the higher video frequencies.
The latter can be produced in very long connections
or where there are echo signals (e.g. in hilly country).

4) Distortion of the signal

Certain types of distortion have a more serious
effect on the colour television signal than on a black-
and-white signal. Only these types of distortion will
be discussed here.

The attenuation just referred to, of the higher video
frequencies, only gives rise to slightly reduced defini-
tion in black-and-white television. In NTSC and PAL,
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a reduction in the subcarrier amplitude causes a reduc-
tion in the saturation of the colours. If the attenuation
is not too high, this can easily be compensated. Many
types of receiver even have automatic control for
this. Frequency-dependent attenuation in the chro-
minance band leads to poor quality in the horizontal
_ colour transitions. There is a certain amount of com-
pensation for these errors in a PAL receiver with a
delay line, and this is one of the advantages of the
PAL system. In SECAM also the horizontal transi-
tions become worse if the bandwidth is limited. For
these effects, the order of preference is: PAL with

delay line, NTSC, PAL without delay line, SECAM. .

No extensive research has yet been carried out
- into the effect of phase errors independent of the lumi-
nance signal level. In this respect no great difference
has so far been found between the systems.

This is not so, however, with phase errors dependent
on the level (“differential phase”). This has already
been discussed in detail above. SECAM and PAL
with delay line have the advantage here over NTSC
and PAL without delay line.

For completeness, we should say something about
level-dependent amplitude errors, i.e. changes in the
amplitude of the sub-carrier signal, which depend on
the level of the luminance signal. In NTSC and PAL,
such errors produce variations in colour saturation,
but in SECAM, the effect is less because frequency
modulation is used. The tolerances for a good pic-
ture quality are of the order of 309 in NTSC and
PAL and 65% in SECAM. This wide tolerance in
SECAM is not very significant, as such large variations
can generally be avoided in practice. If they do occur,
this indicates that the non-linearity is so high that
even monochrome pictures would be adversely
affected.

Differential phase errors are undoubtedly the type
of distortion most discussed. Modern equipment has
been shown to satisfy the most rigorous requirements
(i.e. those of NTSC). In the receivers, it is, in fact, fairly
simple to remain within the tolerances. Sometimes, exces-
sively large errors occur in older professional equipment,
such as beam links and television broadcast trans-
mitters. A special correction method for NTSC in
such difficult cases has been developed and used with
much success in Britain. Picture quality as good as
that attainable with PAL has been obtained with
NTSC over, for instance, a very poor link between
London and Moscow. On this link both systems
performed better than SECAM. The poorer result
obtained with SECAM was caused by the simultaneous
effects of band-width limitation, noise and interfe-
rence: these interfered with NTSC and PAL to a
lesser extent [141,

COLOUR TELEVISION SYSTEMS 43

5) The effect of echoes

The effect of echo signals in black-and-white
television is well-known. “Ghost pictures” appear,
at a certain horizontal displacement from the true
picturé (see also the article quoted [190). If this distance
is small (echoes with a small time-delay), troublesome
effects are observed only at brightness transitions
(overshoot, relief). The same phenomena also arise
in colour television, and may be put down to the effect
of the echoes on the luminance signal. In general, this
is also the most marked interfering effect of the echo
in the colour picture. Colour changes can also occur,
and these are caused in a complex way by the effect
of the echoes in the chrominance signal, due for
example to attenuation of the higher video frequencies
as mentioned above, or due to some effect on the re-
ference burst. These latter effects differ in the different
systems. Extensive tests, largely carried out in Swit-
zerland, show that, under very difficult conditions,
where the picture quality varies from fairly poor to
poor, PAL with delay line often gives better results
than NTSC and SECAM. This was also considered
to have been shown statistically from tests made in
several cities. The differences are not very great, but
this feature has been considered particularly impor-
tant in a number of mountainous countries, and has
led to a preference for the PAL system in these coun-
tries (in particular Scandinavia, Switzerland, Austria,
Italy and also Germany).

6) Studio technique

The camera (and most of the rest of the studio
equipment) is the same for all the systems. There are,
of course, differences between the encoders, as already
described. Appreciable differences in the character-
istic features of the systems are noticeable in the studio
only in magnetic recording, fading, or mixing of col-
our signals from different signal sources. We now con-
sider these operations separately.

a) Magnetic recording

Since, in NTSC and PAL, the phase of the sub-car-
rier contains important information, this phase must
be properly reproduced when the signal recorded on
the magnetic tape is scanned. For NTSC the toler-

(221 H. Schonfelder, Signalverzerrungen bei Fernsehsystemen mit
frequenzmoduliertem Untertriger, Archiv elektr. Ubertr. 15,
273-284, 1961. '

H. Schénfelder, Der Einfluss von System- und Ubertra-
gungsfehlern bei einer Farbfernsehiibertragung nach dem
SECAM-Verfahren, Archiv elektr. Ubertr. 16, 385-399, 1962.
D. A. Rudd, internal report, Mullard Research Laboratories.

(133 J. van Slooten, FM reception under conditions of strong
interference, Philips tech. Rev. 22, 352-360, 1960/61.

[191 EBU Ad-hoc Group on Colour Television, Document
Com. T(E) 164, Memorandum on the Paris/London/

. Moscow colour transmission tests, Dec. 1964,
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ance is of the order of 4 5° i.e. the time errors must
remain within 3 ns. This is a very stringent require-
ment, and it cannot be satisfied by mechanical means.
An answer has been found in correction, with the
aid of a controllable electrical delay line, of any time
errors that may occur. It is thus possible to fulfil the
NTSC requirements, and also therefore the less exact-
ing PAL requirements. .

Another not unrelated problem is that of obtaining
uniform reproduction from the four heads of the video
tape recorders currently used in the studio. If the
heads are not adequately matched, horizontal bars
appear in the reproduced picture (“head banding™).

In the most modern equipment a successful solution
to this problem has been found.

An advantage of the SECAM system is that the
requirements which are made of the tape recorder,
to avoid time errors, are somewhat less stringent. In
some cases it was even found possible to use a comple-
tely unmodified good black-and-white recorder for
SECAM. It must not be thought, however, that this
will always be possible. The very fact alone that there
is a high amplitude sub-carrier of about 4.4 Mc/s
gives rise to problems (e.g. moiré effects), that gener-
ally call for special provisions. Furthermore, even
if the colour information in SECAM is not seriously
adversely affected by time errors, there is still never-
theless a deterioration in the compatibility.

b) Fading and mixing of pictures

With NTSC and PAL, the mixing of pictures in a
desired intensity ratio presents no difficulties. The
ordinary mixing methods
as used for black-and-white
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television can be used, pro- Ca
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any diminution in the amplitude of an FM signal, of
course, is ineffective. Furthermore, an unfortunate
deterioration in picture quality occurs in the procedure
described. SECAM therefore compares unfavourably
with NTSC and PAL in this respect..

. In PAL and SECAM the composition of the signal
is not the same for every line, as it is in NTSC. As
stated, an identification signal is required at the begin-
ning of every line in PAL and SECAM. This gives
more problems in the studio. Where two pictures are
to be mixed, not only must the picture and line scan °
be isochronous, but also switching over after each

- line must be in phase. This again has a few unfortunate

consequences, particularly in the mixing of signals
originating from magnetic recordings. Space prevents -
further discussion here of this subject.

7) Receiver features

The main characteristics of the receivers are their
stability, simplicity of operation — and price. A
colour television receiver, for whatever system it is
designed, is a complicated piece of equipment. Much
of it, including the picture tube and the circuits directly
associated with it, is independent of the transmission
systems. In principle, the only differences are in the
part of the receiver in which the chrominance signal
is decoded. ‘

Most experience has been obtained with NTSC
receivers, and it has been found that good stability
and simple operation can be achieved. Apart from the
ordinary controls found on black-and-white receivers,
an NTSC set also has two extra knobs for colour
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studio, and is also neces-
saryinfading a signal, since
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Fig. 18. A mixing circuit for two SECAM signals g and b, for studio use. The chrominance
signal C must first be separated from each signal and demodulated to S and S» (alternately
present during one line interval). Mixing then takes place simultaneously for the luminance
signal Y’ and the colour difference signal S1, S2 present, in the mixing stages Mixy
and Mixc. Frequency modulation of the output signal from Mixc is then necessary before
it can be added to the resultant luminance signal. ‘
A disadvantage of this complicated procedure is that the bandwidth of the luminance signal

is limited by the low-pass filters LP. This is quite unavoidable, as the original chrominance
signals must be kept well away from the mixing stage Mixy and final addition stage.
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control, i.e. one for saturation and the other for hue.
‘These adjustments can be made automatic, thus dis-
pensing with these knobs. It is questionable, however,
whether this is desirable. It often appears useful to be
able to adjust the receiver manually so as to obtain
the best setting for actual viewing conditions, such. as
the ambient illumination in use, and also to suit
personal taste.

As shown in the diagrams in figs. 12 and 16, the
PAL receiver is more complicated and, therefore, more
expensive than a comparable NTSC receiver. The
delay time of the delay line for PALd may only vary
at the most by 5 ns from the rated value if undesirable
effects in the picture\are to be avoided. Glass delay
lines, which satisfy these requirements over a suffi-
ciently wide temperature range [10], are currently
available, but are not yet in large-scale production.
Estimates of the difference in price between a PAL
receiver with a delay line and a comparable NTSC
receiver vary between 3.5 and 6 9/. The PAL set with-
out a delay line is cheaper, but it is still more expen-
sive than an NTSC receiver.

A delay line is essential in the SECAM receiver.
The tolerances in the delay time are, however, larger
here (4+ 50 ns) which perhaps means that the delay
line can be somewhat cheaper than that used for the
PAL system. The price of a SECAM receiver is also
generally estimated to be somewhat higher than that
of a comparable NTSC receiver (1.5 to 5%).
~ Relatively little experience has so far been gained
with SECAM receivers (and this is indeed also true
of PAL receivers). One of the difficult factors is the
stability of the FM discriminators. If the variation
from the centre frequency of 4437.5ke/s is about
10 kc/s, this already appears in the picture as discolor-
ation. “Reshaping” (see above) must also be carried
out very accurately, as otherwise the colour transitions
in the picture will be poor. “Contrast” control is
also a problem, because, in the composite SECAM
signal, the luminance signal is present as amplitude
modulation while the chrominance signal is present
as frequency modulation (cf. the difficulties, already
discussed, encountered with fading). It is also difficult
to provide manual colour control, and this is therefore
left out in most designs for SECAM receivers. This
feature is generally referred to as an advantage, but
may well in the long run turn out to be a disadvantage.

v

Advantages versus disadvantages

As already stated, it is very difficult to assess all the
advantages and disadvantages. Apart from its sensiti-
vity to differential phase errors, the problems of mag-
netic recording and the effect of echoes, the NTSC
system is the best in all respects. The first two of these
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three drawbacks present no great problems with
modern equipment. In various countries the echo
problem is considered very important, although the
differences found in this respect are not particularly
great. In Britain and the Netherlands, countries where
a fairly great deal of experimental work has been done,
the conclusion has been reached that the NTSC
system presents the best solution. Many other Western
European countries, however, are inclined to favour
PAL. British and Dutch experts at present consider
PAL a practicable alternative. Many people in Western
Europe have very strong objections to the SECAM
system, particularly with regard to the criteria discussed
above, i.e. 1 (compatibility), 2 (the quality of the
colour picture, particularly with a difference of
5.5 Mc/s between vision and sound carriers), 3 (noise),
6b (studio techniques) and 7 (receivers). These objec-
tions are not regarded as serious in France, and the
official policy there is to adopt SECAM. Russia 1s
also in favour of the SECAM system, although there
are indications from that quarter that fairly extensive
modifications to it are being considered. As some
countries (in any case Britain and West Germany) want
to start regular colour television transmissions in the
course of 1967, the next CCIR conference, to be held in
Oslo in June/July 1966, will be very important. If no
agreement is reached then, the prospects of there
being one single system in use throughout Europe
will be very remote. Adoption of different systems in
different countries would have very unfavourable ‘tech-
nical and economic effects on the further development
of colour television in Europe.

Summary. In the imminent introduction of colour television into
Europe a choice will have to be made between three proposed
transmission systems: NTSC, PAL and SECAM. After briefly
describing the differences between these systems, the author
attempts to give as objective a survey as possible of their advan-
tages and disadvantages. To this end, the properties of the
systems are compared in all relevant respects, an order of pre-
ference being given for each criterion. In the NTSC system,
for instance, compatibility is very good, while it is not so good
in PAL and clearly the worst in SECAM. SECAM is largely
insensitive to differential phase errors. This feature can also
be obtained with PAL if a decoder with a delay line is used, while,
with NTSC, the differential phase errors must be made suffi-
ciently small. This has been found possible even in the most
unfavourable cases if the equipment is properly designed. Where
echo effects are very prevalent, e.g. in hilly country, a statistical
examination has shown PAL to give slightly better results than
the other two systems, but the differences are very small. As
far as studio techniques are concerned, SECAM has an advan-
tage in magnetic recording because of its only slight sensitivity
to time errors, but complications arise in the operations of fading
and mixing that are so common in studio work. In all the other
points as well, such as the quality of the colour picture with and
without interference, the effect of distortion on the signal, the
price and convenience of the receivers, etc., NTSC is to be
preferred, while PAL may be regarded as its equal in many
respects. The final result of any comparison between these sys-
tems will largely depend on the importance one may attach
to the various factors.
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Acoustic measurements on hearing-aids

Every hearing-aid is checked before it leaves the
~vorks, to make sure that its frequency characteristic
lies within the permissible tolerances; the tests are
made with the aid of a vibration-free, soundproof and
reflection-free acoustic box (a small “quiet room™).
The hearing-aid is placed in the box in front of a
loudspeaker in the rear wall (not visible in the photo).
An audio generator drives the loudspeaker at a fre-
quency varying continuously from 100-9000 c/s. The

sound intensity is held constant by means of a feed-
back system that receives its input signal from a micro-
phone placed next to the hearing-aid. The sound is
received by the hearing-aid microphone and the fre-
quency characteristic at the output is recorded.

In the photo the box is shown open and the hearing-
aid is visible. Next to the box are the feed-back appar-
atus, the audio generator and an automatic plotter
which records the characteristics.
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Physical principles of photoconductivity

II. Kinetics of the recombination process; sensitivity and speed of response

L. Heijne

537.312.5:537.311.4

This second article in the series on photoconductivity is entirely devoted to the question
of what happens to light-excited charge carriers before they return to their original quantum

 state, and to the particular way in which this return takes place: it is considered here as a
kind of chemical reaction between holes and electrons. Particular attention is paid to the
influence of impurity centres on the behaviour of charge carriers — and hence on the
sensitivity and speed of response of a photoconductor — an aspect which is especially
important both for scientific research and practical applications.

The situation that arises in a photoconducting
material when it is illuminated might in a sense be
compared with that in a tank where a liquid is run in
with a constant flow i1 (see fig. I) and simultaneously
run off with a flow /s, the rate of which depends in one
way or another on the level H to which the tank is
filled. Expressed as an equation: iz = f(H). The
flow /1 in our example corresponds to the number of
charge carriers which, at a given intensity of illumin-
ation, is released by the light per unit time in one cm3,
the level H in the tank corresponds to the charge carrier
concentration, and the outflow iz is the number that
disappears per unit time from one cm3. The equilibrium
value which H in our model reaches at a given # is of
course the value where i2 = i1, and is thus determined
by the dependence of iz on H. At the same time f(H)
determines the way in which, upon a sudden change
in 1, the outflow iz and the level H move to their new
equilibrium value. Applied to a photoconductor: the
manner in which the disappearance of the charge
carriers depends on their concentration governs both
their equilibrium value and the way in which this
concentration changes to a new equilibrium value when
the intensity of illumination is changed (the speed of
response).

Infact, the model in fig. 1 is valid only for a substance
which contains no impurity centres and moreover
whose conduction band contains in the dark no
electrons [11. In practice, the situation is more compli-
cated. In thefirst place, no substance ever is so pure and
at the same time so perfect in crystal structure that one
can assume there are no impurity levels at all in the
(forbidden) zone between valence and conduction
bands. Moreover, as well as optical transitions, there

Dr. L. Heijne is with Philips Research Laboratories, Eindhoven.

are usually thermal transitions between the energy
levels. Nevertheless, the processes taking place can also
be simulated by means of tanks with inflowing and out-
flowing liquid 2. In a model of this kind there must

Fig. 1. When a constant flow i1 of water is run into a tank and a
flow iz, depending on the level H to which the tank is filled, is
simultaneously run off, the value of H in the stationary state is
such that iz = i1. A similar dynamic equilibrium is found in an
illuminated photoconductor.

be separate tanks for the energy bands and for each
group of impurity levels corresponding to the same
kind of impurity centre. Again, in the steady state, for
each of the tanks, the inflow is equal to the outflow,
and the level to which the tank is filled — i.e. in reality
the concentration of charge carriers present in a band
or in a group of similar impurity levels — is governed
by the way in which these flows depend on the head of
liquid.

An important aspect of the disappearance of the
freed charge carriers is that they can only disappear as
aresult of the uniting of two charge carriers of opposite
sign (recombination). As we shall see presently, the

11 Basic concepts of semiconductor physics and the energy band
scheme are dealt with in the first article of this series, Philips
tech. Rev. 25, 120-131, 1963/64. This article will here be
referred to as 1.

[2] See for example G. Brouwer, The simulation of electron
kinetics in semiconductors, Proc. Second int. analogue
computation meetings, Strasbourg 1958, pp. 135-137, publ
Presses Académlques Européennes, Brussels 1959.
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extent to which the charge carriers disappear therefore
depends in general on the concentrations of both.
The foregoing aspects of what takes place in an
illuminated photoconductor — usually summarized
under the heading “charge-carrier kinetics” — will be
discussed in this article. We begin with the simplest

situations. We shall then go somewhat deeper into the -

way in which the speed of response is affected by
impurity centres that act as “traps”, and finally we shall
describe a method by means of which it is possible to
introduce system into the very large numbers of
behaviour patterns shown by photoconductors in which
different types of impurity centre exist at the same time.

The recombination process: activation

The disappearance of charge carriers as a result of
the recombination of two charge carriers of opposite
sign is identical in kinetic terms with a chemical
reaction involving the combining of two molecules, a
bimolecular reaction. Just as in the chemical case, the
rate of disappearance (reaction rate) is proportional to
the concentration of each of the components [3l. As
an equation:

dn/dt = —bnp. (IL,1)

In this expression n and p are the concentrations of
electrons and holes respectively, b is a proportionality
factor and ¢ the time. When one of the concentrations,
for example p, changes relatively little during the
reaction, equation (II,1) can be written with good
approximation as

dn/dt = —an, (I1,2)

where the constant @ ~ bp. The reaction, essentially
bimolecular, then behaves apparently as a mono-
molecular one. A chemical example is the decomposi-
tion of a substance: the rate can obviously only depend
on one concentration.

To calculate the equilibrium concentrations that
occur under constant illumination we must add to the
right-hand side of equations (I1,1) or (I,2) the constant
term G representing the excitation density, i.e. the
number of charge carriers freed in unit time and in unit
volume. In the following we shall consider two extreme
cases. In the first, all charge carriers are due to the
photo-excitation so that, in addition to (IL,1), we have
n=p. In the other extreme case equation (II,2)
‘applies. The relevant equations are:

bimolecular: dn/dt = G —bnp, . . (I1,3a)
‘n=p; ... .(L3b)
pseudomonomolecular: dn/df = G — an. (IL,4)

In the stationary state dn/d¢ is zero, so that the con-
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centrations are given by:

bimolecular: nstat = |/GIb; (IL,5)

pseudomonomolecular [41:  ngiay = Gfa. (11,6)

The density j; of the photocurrent it that flows when
a voltage is applied is proportional to nsiat (see €q. L7) -
and is thus in the one case proportional to the excitation
density G and in the other proportional to the square
root of G. This explains why in the expression if oc L,
often used to describe the experimentally found relation
between iy and the incident luminous flux L, the
constant y sometimes has the value 1 and sometimes
the value 0.5 — as G is proportional to L. Let us
return for a moment to the relation (I,5), derived in
part I, between G and the lifetime 7 of the freed charge
carriers, 7 = n/G. According to this, for mono-
molecular recombination 7 = 1/a, and for bimolecular
recombination 7 = 1/bn. We see therefore that in bi-
molecular recombination the lifetime is not constant
but inversely proportional to the instantaneous value
of the electron concentration.

The manner in which the electron concentration goes
to zero when the illumination is switched off can be
found by integrating equations (IL,1) and (II,2). This
yields (see fig. 2): '
bimolecular, for the case n = p:

ho ho

)= = ; 1,7
) 1 4 tbng 1+4t/zo (IL,7)
monomolecular:
G _ _
nt)y=—e " = noe M. (IL,3)
a

Here ng and 7o are the values of n and 7 at ¢t =0.
We shall now discuss some examples of photocon-
ductive semiconductors and insulators, and consider
No
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Fig. 2. Variation with the time ¢ of the concentration » of the
electrons in the conduction band after the illumination is switched
off. If the recombination is a monomolecular process, n decreases
exponentially and with log-linear co-ordinates the curve is a
straight line of negative slope. With bimolecular recombination
a curve is found whose slope with increasing ¢ becomes steadily -
less steep. The curves apply to cases where the initial concen-
trations 1, and the initial slopes are equal (cf. IL7 and IL8).
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the manner in which the recombination takes place in

these. We begin with four cases which are simple to

analyse. |

1) A substance with a large energy gap AE between
valence and conduction bands; there are no im-
purity levels in the forbidden zone (see fig. 3a). A
substance of this kind is an insulator in the dark.
Photo-excitation produces an equal number of
charge carriers in the two bands. The recombination
process is therefore bimolecular.

2) A substance with a large AE and with impurity
levels which are so deep that in the dark they are
all occupied by an electron (fig. 3b). Further, the
energy hv of the light quanta is such that only the
electrons from the impurity levels can reach the
conduction band (cf. fig. 3 in I). At first this case is
identical with the previous one, but if the illum-
ination intensity is allowed to increase to very high
values, the photocurrent can show a saturation
effect, because at a certain illumination intensity
nearly all impurity levels are empty. The excitation
density G is then no longer proportional to L. This
does not, however, affect the validity of (II,5).

3) A substance with a large 4E and with impurity
centres which are exclusively either donors or
acceptors, so that the substance is a (purely
extrinsic) semiconductor of type N or P (fig. 4).
If the concentration of the photo-electrons (or
holes) is small ‘compared with that of the charge
carriers originating from the impurity levels, the
electron concentration will change only slightly and
the recombination process is pseudomonomolecular
(cf. I1,2). Under strong illumination (high excitation
density) the above-mentioned restriction is not of
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Fig. 3. a) Photo-excitation and recombination in a substance with
a large energy gap 4E (an insulator) which contains no impurity
centres. The arrows indicate the energy jump of the electrons.
E¢ electron energy in the lowest level of the conduction band,
Ey electron energy at the top of the valence band.

b) Photo-excitation and recombination in an insulator containing
impurity centres for the case v < AE, so that excitation can
only take place from the impurity centres. These centres are
assumed to be so close to the valence band (so far below the
Fermi level Eg) that in the dark they are all occupied by an
electron at the prevailing temperature. In both cases the recom-
bination process is bimolecular. (All figures of this type indicate
the state that exists after the transition has taken place, the charge
carriers being represented by full circles. The situation of a charge
carrier before the transition is indicated by a dashed circle.)
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course fulfilled, and the process is again a bi-
molecular one. Between the two situations there is
a transition region.

sy g

Shv

SRR GESF I

Fig. 4. Photo-excitation and recombination in a purely extrinsic
P-type semiconductor with a large energy gap. (The impurity
centres and the Fermi level have been omitted.) Under weak
illumination the recombination process is pseudomonomolecular.
Under very strong illumination the number of extra holes in the
conduction band is no longer large compared with the number
of charge carriers freed by the light, and the recombination is
again a bimolecular process.

4) An insulator with impurity levels (concentration
not too low) of which only a part, say half, is

occupied (fig. 5). Further, as under (2), the photo-
excitation is only from the impurity centres. If the
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Fig. 5. Photo-excitation and recombination in an insulator with
impurity centres that exchange electrons with the conduction
band only and which in the dark are roughly half occupied (the
impurity levels are approximately at the height of Ez). Here too
the recombination process gradually changes with increasing
illumination intensity from monomolecular to bimolecular.

excitation density is so low that the illumination
causes very little change in the concentration of the
empty impurity centres, the number of recombina-
tion partners available to the photo-electrons is
nearly constant. The process is thus again mono-
molecular. Here too the process gradually changes
with increasing illumination intensity from mono-
molecular to bimolecular.

Recombination via an impurity centre

As a final example we take a case, frequently en-
countered in practice, which cannot be so readily
analysed. Here, as in the previous example, the sub-
stance is an insulator containing impurity centres, a
substantial proportion of which are occupied. The
impurity centres here, however, exchange electrons to
a considerable extent with both bands, or, in other

I3 A treatment of reaction kinetics will be found in textbooks of
theoretical chemistry, such as E. A. Moelwyn-Hughes,
Physical chemistry, Pergamon Press, London 1957.

[4) Since the recombination cannot in reality be monomolecular,
we shall leave out the prefix “pseudo” in the following.
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words, they capture both free electrons and free holes.
Centres of this kind are termed recombination centres:
electrons that arrive in the conduction band by photo-
excitation go, on their return journey, first to an un-
occupied impurity level, and then on to the valence
band (fig. 6). We shall now show that the recombin-
ation process taking place via this kind of impurity
" centre is monomolecular both under very weak and
under very strong illumination. The thermal excitation
of the electrons will again be disregarded because it
does not essentially alter the situation in the present
example. i :

Let N be the concentration-of the recombination
centres, nr that of the filled recombination centres and
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Fig. 6. As in fig. 5, but now with impurity centres that exchange
electrons with both bands. The recombination process is now
monomolecular both under weak and strong illumination.

pr that of the empty ones, so that N = nr + pr. The
number of photo-electrons passing per second from
the conduction band to empty recombination levels is
then cnnpr, where ¢n is a proportionality factor
referred to as the capture probability. The second jump
which the electrons make — or, in other words, the
capture of holes by filled centres — is governed by an
analogous relation (with capture probability cp), so
that for the complete recombination process the
following differential equations hold:

dn/dt = G — ca 1 pr, (I1,9a)

dp/dt = G — ¢p p nr. (I1,9b)

‘Here G is again the excitation density.

We shall now consider two extreme cases and a
transition situation in between them. In the first
extreme case the illumination is so weak that the con-
centration n of the photo-electrons and the concentra-
tion p of the “photo-holes” are both small compared
with the concentrations of the occupied as well as of
the unoccupied impurity centres: n, p L nr, pr. In
view of the condition of conservation of charge, the
relation '

Ay =n—m0)=p—n (I1,10)

holds for the change An: of nr caused by the illumin-
ation. Here n(0) is the concentration of the occupied
centres before the illumination is switched on. Ex-
pressed in words: for every hole in the valence band
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there is a corresponding electron ; if that electron is not
in the conduction band it will be located in an impurity
centre. Since p and n are both small in relation to #r,
it is evident from (II,10) that An; will also be small with
respect to nr, so that », may be regarded as constant
and equal to n:(0).. Solving, on this assumption,
equations (II,9) — putting the left-hand side of both
expressions equal to zero, because we are concerned
here only with the stationary state — and using the
relation 7 = n/G (I,5) to calculate the lifetime of elec-
trons and holes, one then finds two dissimilar but
constant values:

1 1
Tn = cnpr(o) = e {N_nr(o)} > (II,].].a)
L .
~ (IL,11b)

From the constancy of the lifetimes it follows that the
recombination is monomolecular: from their inequality
it follows that » and p must also be unequal (cf. I,5).
In the second extreme case the illumination is so
strong that » and p are both large compared with N,
and therefore the concentrations of the charge carriers
are large in relation to the maximum possible change of
concentration Any in the centres. From the condition
(I1,10) it then follows that p ~s n. With these con-
ditions the solution of equations (IL9) for the station-
ary state gives the relation:
Ry Cn

Dr N e
The concentrations of electrons and holes in the
recombination centres are therefore in the same ratio
to one another as the capture probabilities of these
charge carriers. Since the sum of these concentrations

.....

(I1,12)

" must be equal to N, we find:

= S 11,13
Ny . + e ( a)
. . ‘
and pr=—2"N. ..... (IL13b)
Cn + Cp

We see that in this second extreme case the occupation
of the centres is independent of the intensity of
illumination. The lifetime of the charge carriers will '
therefore again be constant, but this time will have the '
same value for electrons and holes: ~‘ '
1 1/1 1
Tn = Tp =—=—=—<—+—f>. (I1,14)
R Cnpr N Cn CI.)
In spite of the different conditions, the recombination
process in the example considered — which thus takes
place via only one kind of recombination centre — is
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evidently monomolecular both under very weak and
very strong illumination; this is in contrast with the
situations in examples 3) and 4), where the recombin-
ation gradually changed from monomolgcular to bi-
molecular with increasing illumination L. In the first
extreme case, however, n % p, while in the second n
and p are equal. In fact the expressions derived for both
extreme cases are valid in wide ranges of values of L
which we shall refer to as region I and region III (fig. 7).
In these regions n and p are therefore proport10na1 toL
(and G).

Between these regions there lies a transition region I7
in which the electron and hole concentrations gradually

10%m?

7012 .

70.9 .

105

] 1 1
102 10" 10%cni’s™
_>G
Fig. 7. The concentrations n and p as functions of the illumination
intensity — here represented by the excitation density G — for the
substance referred to in fig. 6. At very low and very high G both
n and p are proportional to G (region I and region IIT). Between
1 and /1] there is a transition region /7 in which # increases supra-
linearly with G.

become identical: p varies in this region sublinearly and
n supralinearly with G. (If the substance is one in which,
both in the dark and under illumination, only a small
proportion of the centres is occupied by electrons, then
in region II the electron concentration continues to
change linearly and the hole concentration follows suit.
The curve in such a case can be found to a good approx-
" imation using the method of calculation discusseil in
the final section of this article.) :
In the special case where the value n:(0) whlch ny
assumes in the dark happens to be exactly equal to
Nenf(en + ¢p) — see (I1,13a) — no’change takes p_iace
in the occupation of the impurity levels when the
illumination is switched on, and n=p at every
illumination intensity. The lifetimes as well are then
independent of the intensity of illumination. At. all
illumination intensities the situation of region JII then
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holds (see the dashed line in fig. 7).

Finally, two further remarks. We have just seen that
upon recombination via a centre, even under strong
illumination, the recombination process is mono-
molecular. There is no disputing this, but it does not
imply that the y of the photoconductor with recom-
bination centres will always have the value 1 under
strong illumination. The probability of direct recom-
bination — also called band-band recombination —
will never be exactly zero, and its contribution increases
more strongly with the excitation density than that of
the recombination via centres, the former being pro-
portional to both concentrations, the latter only to one
of them. With increasing illumination the band-band
recombination will therefore in the long run make the
greater contribution to the recombination and the
value of y will gradually move from 1 to 4.

In the second place it should be noted that energy is
liberated in every recombination process, this being the
energy that was supplied upon excitation by the light
quantum. This liberated energy is sometimes emitted
again in the form of light (luminescence). The recom-
bination can also be radiationless, the energy then
being released in the form of lattice vibrations, so that
the temperature of the crystal rises.

Activation

When a photoconductor is doped with a substance
whose atoms (ions) can function as recombination
centres, the result is that the lifetime of the charge
carriers generally decreases. This comes about because
of new recombination paths.

This is not always so, however. In some cases the
lifetime of one of the two kinds of charge carrier, far
from being shortened, is in fact enormously increased,
so that doping has the effect of making the photo-
conductor much more sensitive. This effect is known
as “activation”, and an additive that produces it in a
photoconductor is called an “activator”. The activation
mechanism can best be explained with an example.

Suppose that the substance at first contained N
recombination centres/cm?® of type 7, which have
roughly the same capture probability ¢ for electrons
and for holes and which in the dark are half filled.
Under weak illumination the lifetime of the charge
carriers was thus equal to 2/Nec. (See above.) Suppose
further that another N recombination centres/cm3 are
added by the doping, this time of type 2. Characteristic
of these type 2 recombination centres is that their
capture probability is the same for holes, but is much
smaller for electrons, for example 104 ¢. Finally, we
assume that in the dark the type 2 centres are nearly
all filled. After the illumination has been switched on,
the freed holes will now be trapped initially in roughly
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equal amounts by both types of centre. The photo-
electrons, however, will be almost entirely trapped by
the type I centres. As a result of this asymmetry a
proportion of the type 2 centres will be emptied and
nearly all the type I centres will be occupied by an
electron. The illumination, which need only be quite
weak, thus gives rise to a redistribution of the electrons
and holes among the centres, which amounts to saying
that half the electrons have transferred from type 2
" centres to type I centres. See fig. 8. '

If we now consider the manner in which the recom-
bination takes place under these new circumstances,
we see 1) that for an electron the possibility of recom-
bination via type I centres has become very small
because these centres are nearly all occupied, and
2):that although Half the type 2 centres can still function,
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Fig. 8. Tlustrating the fact that under certain circumstances the
addition of impurity centres of a different type can considerably
increase the sensitivity of a photoconductor (activation). The
collective impurity centres of one type are represented here by a
horizontal line. The thick part represents the occupied fraction
of the centres and the thin part the unoccupied fraction. The
expression written beside-an arrow gives the number of recom-
binations occurring per cm3 and per second.

a) Energy band scheme of the original substance. There is one
type of impurity centre (), and half of these centres are occupied.
b) Band scheme of the substance after the addition of an equal
number of type 2 centres; in the dark these are all occupied.
¢) The same under illumination. Half of the electrons from 2
have gone to type I centres, so that the latter are nearly all
occupied. Recombination via 7 is therefore virtually impossible,
and recombination via centres 2 is also difficult because these
centres have much less chance of trapping electrons from the
conduction band. Since nevertheless the total number of recom-
binations per cm3 and per second is equal to G, n must now be
much greater. -

[9)
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they nevertheless offer the electrons very little chance
for recombination because their capture probability is
only 104 ¢. As nevertheless in a stationary state the
number of recombinations taking place per unit volume
and time must be equal to the excitation density, the
concentration of electrons in the conduction band is
now very much higher than before: the doping has
therefore had the effect of increasing the lifetime of the
electrons. :

The change in the lifetime of the holes, on the other
hand, is not so considerable. The number of holes
recombining per cm3 and per second via type I centres
is ¢Np and via type 2 centres the number is 4cNp,
giving a total of 14cNp. Since this number was $cNp
before doping, the lifetime of the holes has therefore
become three times shorter. This is hardly a significant
change compared with the enormous increase in the
lifetime of the electrons: the doping has thus increased
the sensitivity of the photoconductor by about
104 times. C

To sum up, it can be said that activation of this
nature depends on the fulfilment of three conditions.
In the first place, the type 2 centres, the activator
centres, must not have the same capture probability
for electrons as for holes. Secondly, in the dark the
activator centres must contain more electrons than
there are unoccupied type 1 centres; upon illumination
the latter can then be completely filled, so that the
recombination path via I becomes “blocked”. Thirdly,
the concentrations n and p of free electrons and holes
must be small compared with that of the centres.

The latter condition implies that the intensity of
illumination is subject to an upper limit. If the illum-
ination exceeds that limit, then in the long run » and p
will become equal again, as in region II7 of fig. 7. The
concentrations of the electrons trapped in the two types
of centre adjust themselves to the new situation in a
similar way to that described for region JII. The life-
time then assumes the value that corresponds to the
parallel operatiori of the two recombination paths, and
the increased sensitivity is lost. ‘

The influence of traps on the speed of response ‘

In the foregoing we have confined our considerations

. to cases in which impurity centres were either absent

(fig. 3a), did not interact with light-excited charge car-
riers (fig. 4), or had in fact taken over the role of the
valence band (fig. 3b and 5), or were able to exchange
charge carriers with both bands (fig. 6). As a first
approximation the thermal excitationcould be neglected.

In this section we shall consider the situations that
can arise in substances containing impurity centres
which can only exchange charge carriers with one band,
i.e. centres that act as “traps”. In this case the thermally
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excited transitions of charge carriers from these levels
to the relevant band can no longer be neglected; on the
contrary, the extent to which they take place determines
the behaviour of the photoconductor. On the other
hand, as in the last example in the previous section, we
shall disregard optically excited transitions to or from
the impurity centres. In this section we shall be con-
cerned with materials containing traps of only one
kind; see fig. 9. Furthermore, we shall confine our
attention to the behaviour of the electrons.

A characteristic of the effect of traps on the behaviour
of a photoconductor is that they have, as a rule, a very
marked influence on the speed of response. This effect
can easily be explained in qualitative terms. In a
stationary state the concentration n obviously has a

N7, n

R=n/T

4

Fig. 9. Energy band scheme of substances containing traps of
only one type. As in fig. 8, the traps are again collectively repre-
sented by a single horizontal line. Their concentration is N, the
concentration of the occupied traps m. Once again, G is the
density of the optical excitation, R the recombination density,
g density of the thermal excitation from the traps, r that of the
electron capture from the conduction band. The recombination
may either take place directly, or via recombination centres (see
small dashed line).

certain value that depends on the illumination inten-
sity. Owing to the exchange of charge carriers between
the traps and the conduction band, however, the same
also applies to the concentration »; of the charge
carriers present in the traps; if the illumination inten-
sity changes, then n and ny must both change corres-
pondingly, and in the same direction. If, for example,
theillumination intensity is increased, then immediately
afterwards the “current” G must bring about not only
the necessary increase in » but also that in n;. This of
course takes longer than if no traps were present. Since
in practice sy is quite often much greater than n, the
decrease in speed of response due to the traps may be
very considerable. A complication — see below — is
that the equilibrium between the conduction band and
the impurity centres is not reached instantaneously. In
terms of the model in fig. 1, one cannot in all cases
consider the conduction band and all the traps together
as one large reservoir. i '
At the same time it can be shown qualitatively why,
under very strong illumination, the traps do not make
the response much slower. The traps are then nearly all

A

‘PHOTOCONDUCTIVITY, 1I 53

filled with electrons, so that when the illumination
intensity changes hardly any change in the number of
trapped electrons-is possible. This does not of course
apply if the illumination intensity is reduced from such
a high value to a very low one (or to zero). In this case,
after an initial steep decline in the photocurrent, there
is a small residual current (“tail”) whose strength
decreases much more slowly, just as in situations where
the initial value of the illumination is not extremely
high.

Before examining the influence of traps on the speed
of response in more quantitative terms, we shall dwell
for a moment on their effect on the sensitivity of a
photoconductor. In the stationary state the concen-
tration n of the electrons in the conduction band is
governed by the condition that the excitation density G
(cf. fig. 9) and the recombination density R are equal.
This follows from the fact that »; in a stationary state
is also constant and therefore the “currents” g and r
compensate one another exactly. So, in the first
instance the presence of the traps does not alter the
situation; the traps can, however, have some influence
on the manner in which R depends on n, so that
indirectly they may influence the sensitivity. To make
this clearer, let us return for a moment to the general
formula for the stationary state in an illuminated
insulator: dn/dt = 0 = G — bnp (cf. II,3a). Depend-
ing on the nature of the recombination mechanism,
p in this expression is now the concentration of the free
holes or the concentration of the holes bound to a
recombination centre. It can be said that the traps do
not alter the contribution of the electrons to the photo-
current if they do not affect the product bp. This is the
case for example when the recombination process is
monomolecular (see figs. 4, 5 and 6) and the illumination
sufficiently weak.

In the more quantitative considerations about to
follow we shall not consider extremely strong illum-
ination and confine ourselves to situations in which the
illumination is so weak that only a small fraction of the
traps are occupied by electrons. We further assume, for
simplicity, that the recombination takes place via
recombination centres, and is thus monomolecular, so
that = may be regarded as constant. For the concen-
trations » and ny (fig. 9) the following differential
equations apply:

d
L G—R4g—r, (I1,152)
ds

dny

e 4. 11,15b

& g-+r ( ).

The “currents” g and r, which are governed _by n
and n¢ and by the (constant) probabilities en and ¢y
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of the two transitions (cf. IL,9), are given by:
| (I1,162)
(IL,16b)

The values of the transition probabilities en and ¢, are
characteristic of the type of impurity centres under
consideration. There exists a relation between them
that can be found by considering a state of thermal
equilibrium: here g = r or ewn = can (N— my),
whence:

g= énht,

r = con (N — ny).

n(N — nt)
Cy ————— .
h

én =

(IL,17a)

On the other hand, using the Fermi-Dirac distribution
function (I,1) we can derive the following expression
for the ratio of the energy level occupations n and n
in thermal equilibrium:

n . ’ Nc

= R O [—(E. — EW)/kT].

(11,18)

(Here, as before, N, is the effective density of states at
the bottom of the conduction band, E is the energy of
the bottom of the conduction band and E; that of the
traps.) With the aid of this equation we can reduce
(IL,17a) to:

en = cnlNe exp [—(Ee — ER)/kT], (1,17b)

which gives the required relation between en and cn.

It can be shown that (IT,18) is also valid for a station-
ary state in which the substance is illuminated, and even
for a non-stationary state provided n and »; are in
thermal equilibrium. We shall make use of this fact in
the following considerations.

The transition probability (capture probability) cn is often
written as the product of the average thermal velocity of the
electrons v and the capture cross-section .S, which has the

dimensions of area. The capture probability cn depends only .

slightly on the temperature: when S is constant, ¢n oc vn hence
oc TY2, The probability en of the thermal excitation, on the
other hand, is strongly temperature dependent. (See I1,17b; as
a rule (Ec— Ep) > kT) )

Using (I1,16a), (II,17b) and where applicable (11,18),
we shall now calculate the response for two extreme
cases. Since we have assumed that the illumination is
so weak that most traps are empty — i.e. nt K N —
we may begin by simplifying (II,18) to:

n

= Ne exp [—(E. — Ep/kT].
nt

11,19
= 1L19)

The ratio of » to ny under weak illumination is thus
independent of the illumination intensity and equal to
a constant; in the following the quotient ni/n will be
referred to as 9. ’

As the first extreme case we assume that g and r are

VOLUME 27

both large with respect to the recombination density R;
the electrons in the traps and in the conduction band
will then be in mutual thermal equilibrium, even in the
periods during which » and n; are moving to a new
equilibrium value. The decrease of n after the illum-
ination is switched off — i.e. G =0 — satisfies the
following differential equation, which can be derived
from (II,15), from (I1,19) in the form n/n; = 1/6 and
from the defining equation R = nft — see (1,5):

(1 + 6) dnjdt = —njx. (11,20)

It follows from this that » decreases exponentially with
a time constant 7o given by:

70 = (1 + d)z.

To demonstrate the magnitude of the effect which
traps have on the speed of response in the situation
under discussion we shall calculate the magnitude of &
when reasonable values are chosen for the quantities
in (I1,19). Taking N = 1016 cm—3, N, = 101? cm-3
and a value of 0.3 eV for e(E; — Ey), the “trap depth”,
we find § &~ 100. In a more strongly doped substance
and at greater trap depth — situations frequently
encountered in practice — J can easily become 106
or 107. In the situation described here, where g and »
are relatively large, the traps appear to have a very
considerable influence on the speed of response.

As in most cases 0 > 1, then (II,21) can often
be simplified to

(I1,21)

7o = 07. (11,22)

This shows that the conduction band and the traps can
then be regarded collectively as a single reservorr,
whose magnitude is completely determined by the con-
centration of the traps.

As our second extreme case we assume that g and r
are small compared with R. The traps and the con-
duction band now exchange charge carriers only with
great difficulty, and when the illumination is switched
off the therl\nal equilibrium between them is at first
completely broken. The electron concentration » in the
conduction band therefore falls at first relatively
quickly, i.e. with a time constant equal to the lifetime 7.
After this, however, the curve of electron concentration
against time shows a long “tail”. We shall now cal-
culate the time constant of the latter.

As the flow r of electrons to the traps is proportional
to the electron concentration # in the conduction band,
then after the initial steep drop in n, the quantity r will
also fall to a fraction of its original value. The thermal
generation g has hardly changed, however, so that now
r < g. Using this relation together with (II,16a) and
(I1,17b) we can reduce equation (II,15b) to:

dnifdt ~ —g = —cnNeny exp [—(Ec — E;)/kT]. (IL,23)
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From this it follows that the concentration n; of the
trapped electrons decreases exponentially, with the tim
constant )

exp [(Ee — Ey)/kT]
Ty = A .

. (IL,24)

This time constant is quite high, particularly at large
E. — Ey and at low temperature. This slow “evapor-
ation” of electrons from the traps maintains in the
conduction band an electron concentration which is
roughly equal to gz and which therefore — since g is
proportional to ny — likewise decreases with the time
constant 7. The response curves for the two situations
discussed are given diagrammatically in fig. 10.

In practice a substance will of course often contain
various types of trap. The response curves will then
correspond to a superposition of the curves for each
kind of trap. Such curves can differ considerably
in character, for if there are traps of more than one
kind present, the two situations just discussed may
very well occur simultaneously, and moreover the
deepest traps may even become entirely filled at the
illumination intensity employed. All this makes it often
very difficult, if not impossible, to derive, from the
observed curves, unambiguous data on the concen-
tration and on the nature of the traps.

G

!
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Fig. 10. Examples of the response of photoconductors containing
traps on switching on or off the illumination. The illumination is
so weak that m is always smaller than N (cf. fig. 9).

a) The variation of illumination with time; the strength of illum-
ination is again represented by the excitation density G.

b) Response of a photoconductor in which the traps and the
conduction band exchange electrons to such an extent that they
are constantly in thermal equilibrium (g and » > R). The photo-
current varies exponentially with a time constant approximately
ny/n greater than the lifetime <.

) If g and r are small compared with R, then it changes very
rapidly when the illumination is switched on or off (time con-
stant Av 7), but there is a very long “tail”.
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- In our considerations on the speed of response we have hitherto
taken no account of the influence which the contacts can have on
the response of a photoconducting device. If the contacts are of
the injecting (replenishing) type [, this effect is often negligible.
At high field strengths and under strong illumination, however,
it may happen that the space charges (band-bending) .in the
contact areas show a marked dependence on these quantities,
and that the speed with which the band bending adjusts itself to
the changed situation partly governs the speed of response. The
influence of these effecs cannot, however, be dealt with in a
brief treatment.

If the contacts are of the blocking type the situation in the first
instance is quite simple. At sufficiently high field strength all
charge carriers freed by the light reach a contact before they
recombine; the photocurrent is then saturated (2. If there are
no traps, then in this case the response time is identical with
the average carrier transit time Th,p, i.e. inversely proportional
to the field strength. If traps are present, the response time is
equal to the sum of the carrier transit time and the average time
which a carrier spends in traps. The latter time is usually much
longer than Ty, and therefore generally governs the speed of
response. It also decreases with the field strength, not primarily
in the sense that the carrier remains in the trap for a shorter time,
but simply because an electron stops at fewer traps the faster it
travels. Thus, in a photoconductor containing traps the speed of
response also increases with the field strength when the current
is saturated. A notable example of this is the photoconducting
layer in a “Plumbicon” television camera tube (5,

The behaviour of photoconductors with two or more types
of impurity centre

So far, except in dealing with activation, we have
consistently referred to substances which contain at the
most one kind of impurity centre. We have further
simplified the situation in most cases by disregarding
thermal excitation. In the previous section, where we
did not do this, we assumed that the impurity centres
present could only exchange electrons with the con-
duction band, i.e. they behaved as ideal traps; the
other type of impurity centre was called a recombina-
tion centre.

In reality, impurity centres do of course exchange
electrons with a band by thermal excitation, and more-
over the probability that an electron in a trap will move
to the valence band is not exactly zero. In this section,
in which we shall now have something to say about the
behaviour of photoconductors that contain impurity
centres of two or more types, and in which we shall touch
on problems which confront the research worker who
wishes to devise a model of a substance from the results
of his measurements, we shall no longer distinguish
between impurity centres as pure traps and as pure
recombination centres, but bear in mind that every
impurity centre combines both aspects in one way or
another.

51 See E. F. de Haan, A. van der Drift and P. P. M. Schampers,
The “Plumbicon”, a new television camera tube, Philips tech.
Rev. 25, 133-151, 1963/64. ..




56 _ ‘ PHILIPS TECHNICAL REVIEW

Fig. 11 shows the energy band scheme of a semi-
conductor containing impurity centres of two types,
the possible transitions being indicated by arrows. The
letters G, E, B, R, I, C, L and F denote, as in the
previous figures, the number of transitions per second
and occurring per cm3 (the transition densities). In the
following we shall refer to the quantities in short as
“currents”. Provided the energy gap is not too small,
the transitions denoted by dashed lines will occur only
infrequently — at least, transitions due to thermal
excitation — because of the magnitude of the energy
jump. Since in the following considerations we shall
also assume that no electrons can be optically excited
from or to the impurity centres, and since we shall also
neglect band-band recombination (F = 0), we can
confine our attention to the transitions indicated by the
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Fig. 11. Energy band scheme of a photoconductor with impurity
centres of two types. The arrows represent the possible electron
transitions. The capital letters indicate these transitions them-
selves as well as their density, (number per cm3 and per second;
the excitation and recombination “currents”). The concentration
of the high centres is &, that of the low (deep) centres is a. For
the first centres the concentration of the unoccupied levels is A9,
and that of the occupied ones /#—. For the deep centres the con-
centration of the unoccupied levels is a* and that of the occupied
levels (occupied by one electron is a®). The Greek letters represent
the transition probabilities.

full lines. It should be noted that these assumptions are
made purely for the sake of simplicity and are in no
way fundamental in nature. .
Let the concentration of the centres of the one type
be A cm~3, of which A~ are filled (with an electron)
and A are empty; let that of the other, deeper type be
a cm—3 of which a0 are filled and a* empty. We assume
that in the dark the latter centres are all occupied by
an electron (thick line) and that the other centres are
all unoccupied (thin line). We further assume that in
the dark the concentrations n and p are negligibly small
(the substance is virtually an insulator). We shall now
calculate how the concentration of the charge carriers
_in the two bands and in both kinds of impurity centre
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depends on the illumination intensity (again repre-
sented by the excitation density G). We shall consider
only stationary states. ‘

In every stationary state the following equations

apply:

a =a® + at, (I1,25a)
h=m+h, (I1,25b)
at+p=h+mn, (I1,25¢)
G=1I+R, (I1,254d)
C=L+1 (I1,25¢)
E=B+R. (I1,25f)

The first two equations state that the sum of the number
of occupied and the number of unoccupied centres must
be equal to the total number (a and / respectively).
Equation (II,25c) states that the total number of posi-

tive charge carriers is equal to the total number of

negative ones. The last three equations state that in a
stationary state the sum of the “currents” flowing
towards one kind of centre must be equal to the sum of
the “currents” that flow away from it (principle of
detailed balancing). These “currents” depend on the
concentrations in the manner indicated in fig. 11. At a
certain value of G (the independent variable) the six
concentrations n, p, h% h~, a® and a* are thus com-
pletely determined by these six equations when the
concentrations a and A and the material constants
a, ¥, B, 1, ¢ and { are known.

The solution of the (non-linear) set of equations
(I1,25), even if it could be written in a closed form,
would be very complicated and consequently not very
helpful. If, for example, one tries to solve the equations
by eliminating the unknowns, one obtains equations of
high degree. It is therefore necessary to simplify the
equations by neglecting terms that are relatively small.
What simplifications are permissible, however, will
depend on the energy level scheme and on the transition
probabilities — quantities not yet known, quantities,
indeed whose evaluation is the whole purpose of the
measurements. As will be made clear below, a consider-
able degree of uncertainty is introduced into the analysis
when one tries to explain a particular observation, for
example the variation of the photocurrent iy with
the illumination intensify — ip is proportional to
nun -+ pup, see (I1,7) — on the basis of a single hypo-
thetical model with the appropriate simplifying
assumptions. For, agreement between the theoretical
and experimental curves gives no guarantee at all that
the model chosen is the right one; usually various
models are possible that lead to the same theoretical
curve.

This uncertainty can be eliminated by means of a
method of approximation given by Klasens. This
method, which we shall describe here, offers a relatively




1966, No. 2

simple means of obtaining a survey of all the*possible
solutions [6],

" The method starts from the consideration that the
. values of the quantities in equations (II,25) normally
cover a range of many orders of magnitude, so that,
of two terms on the same side of the equals sign, as a
rule one is so much larger than the other that the
smaller one can be neglected (7). Introducing these
simplifications one then finds that for (IT,25c) there are
Jour possible forms, and for the five other equations
two:

(1 2 ®) @)
a=a ar=a (11,26a)
h = h h-=nh (I1,26b)
at=h- at=n h-=p n=p (I1,26¢)
G=1I G =R (IL,26d)
C=L C=1I (I1,26¢)
E=B E=R (I1,26f)

A vparticular situation prevailing in an illuminated
photoconductor corresponds to a particular combin-

ation of these equations. It should be noted at this

point that such a “situation” depends not only on the
properties of the substance but also on the strength of
illumination, i.e. on the value of G. A particular com-
bination of equations (I1,26) applies only in a limited
interval of G values; outside that interval another has
to be used.

The various combinations of equations can be made
easier to handle by assigning to them a code number of
six digits: the first digit denotes the column where the
applicable form of eq. (I1,26a) can be found, the second
denotes the relevant column for (II,26b), and so on.
For example, the code 111211 indicates that the
following equations are applicable:

a® =a

W =nhn

at=h-

G =R (code 111211). (I1,27)
C =L

E =B

As can be seen, a combination of equations simplified
in the manner described is so simple that the solutions
for the concentrations can at once be found. It can
) easily be verified that these read as follows (cf. fig. 11):

att at . ot gt .
n=-——p G hm=at = —— G
v enh ek
(I1,28)
v
p=——=G H=h; a®=a

dga
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For the “currents” we then have:

ot T
I=prar=PE0G ey = ° Y2
venh
) (I1,29)
23
E=B=th=""%+ R—G.
¥

For other combinations of simplified equations one
again finds that the solutions are either simple power
functions of G with low (integral or fractional) expo-
nents, or constants. .

Altogether there are 128 different possible combin-
ations of simplified equations, whose solutions can all
be calculated in the same simple manner. A survey of
the solutions will be found in the reference given [61,

Asalready noted, each combination is valid only in a
limijted range of G values, and when the illumination is
increased from zero it will be necessary from time to
time to change the combination (the code) to give a
correct description. The G values at which this should
be done are those at which a neglected quantity has
become equal in magnitude to its non-neglected com-
panion. These can easily be found graphically by
plotting the calculated variation of the six concentra-
tions and “currents” against G: the end of the validity
range of a combination is arrived at when, for a given
pair of quantities, the curve for the neglected and that
for the non-neglected quantity intersect. Fig. 12 shows
such a graph for equations (I1,28) and (I1,29), specific
values having of course been chosen for the six material .
constants. As can be seen, a logarithmic scale has been
adopted for both coordinates. This is necessary for the
ordinate because the values of the concentrations can
differ from one another by many decades. By making
the abscissa G logarithmic as well one obtains straight
lines for all curves ; from the slope one can read directly
the exponent by which the relevant quantity varies as a
function of G.

In our example the lines a®=a and at=
(aa/yn)/2G1/2 are the first to intersect with increasing G.
At the G value corresponding to the point of inter-
section (G = G1) the contribution a* has reached the
value a and the equation a® = a (I,26a, column 1)
is evidently no longer a good approximation for
a = a® + a* (II,25a). In the neighbourhood of this
G value we have to change from the approximation
a% = g to a* = a; the first digit of the code number
thus changes from 1 to 2. Calculating the concentra-

(61 H. A. Klasens, The intensity-dependence of photoconduction
and luminescence of photoconductors in the stationary state,
Phys. Chem. Solids 7, 175-200, 1958.

) This approach is due to C. A. Duboc (Brit. J. appl. Phys. 6,
Suppl. No. 4, p. S 107, 1955). The method described in this
section is therefore sometimes referred to as the Duboc-
Klasens method.
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Fig. 12. Klasens diagram of the variation of the concentrations
(upper) and “currents” (lower) with the excitation density G for
a photoconductor as in fig. 11. In the log-log graphs all curves are
approximated by straight lines. With increasing G it is necessary
from time to time to change over to another approximation. In
the present example this occurs at the values G1 and Ga. Since

the region traversed by G covers many decades, and since as a_

rule the approximation will only have to be changed a few times,
the straight lines give a fairly true picture of the real shape of the
curves. . .
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tions for the new combination (211211) we then find
the solutions indicated in the figure. The value of G1
is easily found by for example equalizing the expres-
sions on both sides for g+, which gives G1 = ayy/a. .

- In reality, of course, the curves do not show a discon-

tinuity but a rounded bend in the neighbourhood of G;.

Following the behaviour of the curves further we also
see that the combination 211211 eventually ceases to be
valid: where the line for p intersects the line at = a
the approximation a+ = h~ for (II,25c) has to change
to p = h~ (I1,26¢c, column 3). The code number thus
becomes 213211. ‘ o

Having now sufficiently illustrated the principle of
the method of calculation, we shall not examine what
happens when the value of G is increased still further
in the example given in fig. 12. Instead we shall consider
a special case. '

Extreme supralinearity

In research on photoconductors the situation is
sometimes encountered in which for instance the photo-
current — that means » or p — increases in a small
region of G values very much more rapidly than linearly
with G, for example in proportion to G4 or G®. This
effect is known as “extreme supralinearity”. We shall
now give an example to show that the explanation of
this effect is to be found in a straightforward way from
Klasens’ system of approximations. We shall see that
such an interval of G values is not identical with the
validity interval of one approximation (cf. fig. 12), but
that on the contrary “extreme supralinearity”, when
present only occurs around a G value where two such
intervals adjoin one another.

Let us suppose we have a substance for which, in a
certain interval of G values, the combination 111211
of our previous example is valid, but in which the
concentration A of the higher situated centres is not, as
in that case, greater than that of the other but in fact
smaller; the horizontal line 4% = 4 is now, therefore,
below the curve a® = a (fig. 13). The end of region
111211 now appears when the line for /4~ intersects the
horizontal line #° = h. The approximation 4% = h for
(I1,25b) has evidently to be replaced there by i~ = h,
so that the code number changes to 121211. We thus
obtain the following set of equations (cf. fig. 11 and

eq. 11,26): )
a% =aq,
h-=h, at=nh,
at =h-,
G =R, or: = nph~, (11,30)
C =L, or: apa® = yat,
E =B, or:

hon = Ch/e.
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Fig. 13. Klasens diagram of a photoconductor as in fig. 11 in
which the material constants (the concentrations of the impurity
centres and the transition probabilities) have values such that the
curves of n, I and A% have to be approximated by a jump at a
certain value of G. In reality there is of course no jump at this
value of G, but » and 7 increase very steeply in a small region of
G values (extreme supralinearity); in this region the concentra-
tion A° decreases very rapidly.
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Of these six equations the first five contain only four
unknowns; these equations must therefore conflict. The
two other unknowns — A0 and n — both occur in the
sixth equation. If we consider the two solutions for p
that can be derived from the fourth and the fifth
equation: p = G/nph and p = yh/aa, we see that the
conflict is removed when G has the value Gy at which
both these solutions are equal to one another:
G1 = ynh®/aa. The approximation 121211 is thus not
valid in an interval of values but only at this one value
of G; for larger G values a successive approximation
has to be used.

The extreme supralinearity becomes immediately
apparent when we consider what happens to 4° and n
at G = G1. All that we know about these from the
sixth equation is that their product is constant. We
therefore consider whether, and if so in what direction,
n and K0 change at G = Gi, and what form the
variation takes in the interval adjoining the upper side
of G = G1. In this adjoining interval the approximation
122211 will apply. This can be derived from the follow-
ing. In the interval 111211, A~ increased with G: at
G = G1 we therefore had to replace even the approx-
imation h® = A by A~ = h. This means that A0 really
decreases in the first interval, and that in our diagram
(fig. 13) the curve for A® should drop vertically at
G = G1. In view of the constancy of nh9 the concen-
tration n at that point will therefore increase. In doing
so n will ultimately pass the value A, which implies that
the approximation a* = h~ for (I,25¢) must change
to at = n (I,26¢c, column 2); the third digit of the
code therefore does change, from 1 to 2. If we calculate
with the new approximation the variation of the differ-
ent quantities with G, we then find the solutions written
beside the curves in fig. 13; by putting in G = G1 we
find the co-ordinate value at which the curves begin.

From these considerations it is apparent that the
quantities 4%, 7 and » — and therefore the photo-
current as well — undergo a jump at the point G = Gi.
The abrupt increase of n and 7 at this point is no other
than the approximate representation, in our schematic
approach, of the supralinearity mentioned at the
beginning (81, _

If we consider what happens around G = G; as a
whole we see that with increasing G a marked change
takes place there in the occupation of the energy levels:
n becomes much larger and A° much smaller, which
means that the higher levels nearly all become occupied.

81 An investigation into the circumstances in which this effect
can appear is described by F. N. Hooge and D. Polder,
Conditions for superlinear intrinsic photoconductivity, J.
Phys. Chem. Solids 25, 977-984, 1964. See also: F. N.
Hooge, Consequences of the conditions for superlinear
intrinsic photoconductivity, Philips Res. Repts. 19, 333-348,
1964.
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The increase of n obviously results in greater photo-
sensitivity. Here again we have a situation where the
addition of impurity centres has an activating effect
(see the first section). A schematic illustration of the
change in occupation of the levels can be seen in fig. /4.

Finally, we shall examine the process of recombin-
ation in the three intervals of G, and calculate the
respective lifetimes. From fig. 135 — and also from the
fact that the fourth digit of the code number is always 2
— it may be inferred that for all three intervals the
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proportional to the number of electrons changing levels
per unit time, its variation with the illumination
intensity produced by the incident radiation is identical,
except for a constant, with that of the curves for 7/ in a
diagram of the type given in fig. 12 and fig. 13. Whereas
the study of photoconductivity teaches us something
about the concentrations # and p and the lifetime of the
charge carriers, the behaviour of the luminescence can
yield information on the “recombination currents”;
both kinds of data supplement each other and together

. /(_$ oY, nb
111211 122211
- — MK
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Fig. 14. Schematic representation of the very marked change in the energy level occupation
which occurs in the photoconductor of fig. 13 around the value Gi. a) Situation in the
interval 111211. b) Situation in the interval 122211. The occupation a® of the deep centres
changes relatively little, because « is much greater than /.

approximation R = G is valid; the recombination in
all three apparently takes place mainly via the higher
centres. The lifetime 7 is thus roughly equal to n/R, or:

T = n/nph=. (1,31

From this it may be derived, for cxample by sub-
stituting the solution for 1, p and 4~ applicable to each
interval, that in the interval to the left of G the lifetime
is inversely proportional to VG and that in the interval
to the right of G, the lifetime is constant. For excitation
densities smaller than G the recombination process is
therefore bimolecular, and for greater excitation
densities monomolecular (cf. 11,5 and I1,6).

Luminescence

We have already noted that when an electron falls
from a higher to a lower energy level (recombination)
the energy difference may emerge in the form of a light
quantum. The study of this light emission — or
“luminescence” — can provide valuable information
on the processes taking place in an illuminated photo-
conductor.

Let us again take as an example a substance contain-
ing impurity levels of two types, as shown by the energy
level diagram of fig. 11. In principle, all four transitions
indicated in fig. [1 by downward pointing arrows can
be accompanied in such a substance by the emission of
light. Let us assume that in our example this is so for
transition 7; and that the three others are radiationless
transitions. As the strength of the luminescence is

make it possible to obtain a picture of what takes place
in a particular substance. In addition one can of course
calculate the energy difference referred to at the
beginning from the wavelength of the emitted light,
and thus find the location of the relevant impurity level.

Just as the addition of impurity centres of a second
kind can profoundly influence the photoconducting
characteristics, it can also influence the luminescence,
which is as mentioned beforea “recombination current”
made “visible”. It will be clear that this effect can be
investigated, just like the effect on the photocon-
ductivity, with the aid of the method of approximation
described above. All that this requires in the example
referred to is to determine what happens with the curve
for I

Finally, we shall describe two striking examples of
the influence of impurity centres of a second type.
These will again demonstrate the very close relation
existing between luminescence and photoconductivity.

If, for example, the higher centres (fig. 11) have a
pronounced trapping character (R negligible) then the
presence of these centres will give rise to afterglow
(phosphorescence). This is simply the recombination
(via the other centres) of the electrons which, after the
illumination has been switched off, are still “evapor-
ating” from the traps and which, as described, are the
cause of the “tail” shown by the photocurrent.

If, on the other hand, the transitions R and E
dominate — second example — then only a few of the
recombinations take place via the deep centres and
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therefore I is much weaker than in the previous
example. The same therefore applies for the lumines-
cence. A substance which attenuates the luminescence
in this way when used as a doping element in lumines-
cent material is known as a “killer”.

The extent to which a “killer” attenuates the luminescence
depends on the temperature. If this is raised then the “current” L
becomes stronger, and a*, the number of unoccupied (deep)
impurity centres, decreases. The same happens to I, and a greater
fraction of the recombinations take place via the other centres,
that is without the emission of radiation. If this effect is pro-
nounced it is referred to as “thermal quenching”.

Further, as can be inferred from fig. 12 and 13, the lumines-
cence exhibits peculiarities similar to those shown by the photo-
conductivity. In fig. 12 we have a case where both the photo-
conductivity (#) and the luminescence (I) reach saturation with
increasing G. In fig. 13 the peculiarities in the behaviour of n
discussed in detail above — extreme supralinearity, activation —
also occur in the behaviour of the luminescence.

To conclude this article we would like to say some-
thing about practical research work on photocon-
ductors and luminescent substances, and in particular
on the possibilities offered by the Klasens method
mentioned in the last section.

In describing the method we took as our basis a
simplified model of substances containing impurity
centres of two types, and no account was taken of
contact effects. As already noted, for such a situation
there are as many as 128 possible combinations of
approximated equations. For every substance to which
this model applies we saw that the behaviour of different
variables as functions of the excitation density G could
be approximated by a series of a limited number of
these 128 combinations.

In practice it will often be found, however, that an
energy level diagram with only two types of impurity
centre is not adequate. Some impurities still have a
noticeable effect on the photoconductivity even though
their concentration is so small that their presence can
only just if at all be demonstrated by chemical means
— the lowest concentration at which many impurities
can be spectrochemically demonstrated is in the region
of 106 atoms/cm3. For investigating such substances
it would therefore be useful to have tables of approx-
imations obtained by the Klasens method and based
on energy level diagrams with more than two types of
impurity centre.

In theory it is quite possible to produce such tables,
but they would be so large as to be almost impractical.
This by no means implies, however, that the method is
" not applicable in the more complicated situations.
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Indeed, even if the starting material is a photoconduct-
ing (luminescent) substance whose properties are well
known, the method can be a valuable tool of research
into the properties of new materials obtained from ‘it
by doping, that is by adding another type of impurity
centre. Conversely, by judicious doping it is sometimes
possible to give a well-known starting-material the
properties required for a specific application. For this
one rust, of course, have information about the nature
of the impurity centres produced by the various doping
elements considered. The Klasens method can then be
used to determine which of these elements can best be
usec} and what is the best concentration to give the best
approximation to the desired result. In some cases, the
present state of the techniques of making extremely
pure substances allows the natural impurities present
to be disregarded, as their influence on a substance is
negligible compared with that of the doping agent.

The difficulties are considerable when attempts are
made to arrive at a good model of a substance of which
hardly anything is known. It is often not even possible
to answer directly the question: “how many types of
impurity centre are there?”. As we have seen, some
impurities have a noticeable influence even in extremely
small concentrations; vacancies and interstitial atoms
also play a part, and finally there are impurities that
give rise to impurity levels of more than one type. It is
then more than ever necessary to investigate as many
properties as possible — photoconductivity, lumines-
cence, their temperature dependence, absorption
spectrum, electron spin resonance etc. — and to try,
by combining data and by trial and error, to arrive at
a simple initial model. Analyses by the Klasens method
will often indicate that more than one model is possible.
One of the merits of the method is that the analysis
indicates the lines along which the investigation should
proceed to find out which model is best.

Summary. The equilibrium in an illuminated photoconductor is a
dynamic equilibrium: in unit time each energy level is reached
by as many charge carriers as leave it. Charge carriers can only
form and disappear two by two: every electron has a corres-
ponding hole. The recombination takes place either as a bimole-
cular reaction or as a pseudomonomolecular reaction. Recom-
bination via an impurity centre is a pseudomonomolecular
process both under strong and weak illumination. The addition
of recombination centres of other types (doping) can sometimes
substantially increase the photoconductivity (activation). Traps
often make the response very much slower except under very
intense illumination. Substances with impurity centres of two or
more types show widely varying behaviour. The complete and
exact theoretical description is complicated. The Klasens method
of approximations provides a useful practical survey of all
behaviour patterns. i
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I1. Susceptibility to interference

N. van Hurck, F. L. H. M. Stumpers and M. Weeda

534.76:621.396:621.391.82

Part II of this article deals with an aspect of stereophonic signal transmission not covered
in Part I, the fact that stereophonic radio receivers are more readily affected by inter-
JSerence than monaural ones. The results of some theoretical and experimental investi-

gations into this are given.

In the stereophonic radio broadcasting systems

. described in part I [1], there are components present in

the modulation impressed on the carrier that have fre-
quencies above the audible range. Under the FCC
system, to which most attention was given, these com-
ponents take the form of a stereo sub-signal and a pilot
signal. At the receiver, these are converted by the adap-
tor circuit into a difference signal which falls within the
audible frequency range. The process is liable to give
rise to interference not encountered in mono reception.

In the pages that follow we shall be taking a closer
look at this aspect of stereophonic radio broadcasting,
after a general introduction dealing with the various
types of radio interference.

Types of radio interference

Interference to radio reception can have a variety of
causes and its character, as perceived by the listener,
depends upon its origin.

One type is noise. Cosmic noise is picked up by the
aerial; but noise can also arise in the aerial or receiver(2],
The simplest form is white noise, which can be re-
garded as the superposition of a very large number of
electrical oscillations whose combined energy, meas-
ured within a 1 ¢fs interval, is the same throughout the
spectrum. In most practical cases only a limited fre-
quency band is of interest, in which the noise can with
sufficient approximation be considered as “white”.

The type of interference commonly known as “man-
made static”, which is caused by a variety of electrical
equipment — motors, the ignition systems of internal
combustion engines, and thermostatically controlled
switches such as those in electric irons — is of a quite
different character. It often takes the form of a sequence
of sharp pulses, and is naturally most troublesome in
thickly populated areas, where it is likely to be more of
a nuisance than noise.

N. van Hurck, Dr. F. L. H. M. Stumpers and Ir. M. Weeda are
with Philips Research Laboratories, Eindhoven. In 1962, 1963 and
1965 Dr. Stumpers took part in CCIR and EBU discussions relating
to stereophonic broadcasting.

A third type of interference is due to radio stations
other than the one to which the receiver is tuned. Its
effect is usually rather different from that of the first
two types. Noise and pulse-like interference manifest
themselves as a sizzling or crackling background; the
transmissions from an interfering transmitter can be
heard along with the desired one, though in a distorted
form.

Another type of interference plays a bigger part in
FM than in AM reception. It arises when the signal
from the transmitter reaches the receiver along differ-
ent paths of unequal length 3], and it can occur in
mountainous areas as a result of reflection from hill-
sides. High buildings and similar structures may cause
the same sort of interference in other places.

The various types of interference will now be consi-
dered in turn, and their undesirable effects on stereo and
on mono reception compared. We shall also deal with
the reception of stereo, as well as of normal mono
transmissions, on a mono receiver.

The reproduction of a radio programme can be subject to inter-
ference that does not have an r.f. origin at all. The a.f. signal from .
the studio, prior to being fed to the transmitter, may contain noise
that has originated in a microphone, record-player or tape-re-
corder. It is also possible for pulse-like interference to enter the
receiver by a route other than the aerial. Moreover, an unwanted
voltage of frequency 50 or 100 c/s, audible as hum, can arise in
the receiver itself; this may be due to inadequate smoothing of
supply voltages, or to induction in connections inside the set.
Such types of unwanted signal may lead to confusion in the study
of interference arising in the radio link itself. In experiments of
the kind referred to below it is therefore always advisable to make
sure that the observed interference does indeed originate in the
radio link. This can usually be checked fairly easily.

Noise

For the listener with a monaural set, the noise level
associated with reception of a stereo broadcast is
rather higher than that associated with reception of a
mono broadcast. The difference is however so small as
to be hardly perceptible. The slightly higher noise
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level on stereo is connected with the fact that, in FM
reception, the signal-to-noise ratio is proportional to
the square of the maximum frequency sweep 41, Under
the FCC system the frequency deviation of the sum
signal must not exceed 909 of the allotted sweep. This
means that a mono receiver tuned to a stereo broadcast
is dealing with a signal whose frequency sweep is 109,
less than that of the‘signal it would pick up from a
corresponding mono transmission. As a result, the
signal-to-noise ratio is 0.9 dB smaller.

Reception of a stereo programme on a stereo receiver
may be accompanied by an appreciably higher noise
level. The main reason for this was briefly mentioned
in the introduction. In a mono receiver, no audible
contribution to the noise level is made by interference
components present at the output of the ratio detector,
which are in the same frequency range as the stereo
sub-signal, whereas in a stereo receiver they are con-
verted into an audible form in the same way as the
a.f. difference signal is obtained from the stereo sub-
signal. The effect is aggravated by the fact that in FM
reception, the interference caused becomes stronger as
the frequency of the detected interfering voltage in-
creases [4l. As a result of this interference occurring in
the same frequency range as the stereo sub-signal will be
stronger at the output than interference in the sum
signal range; so that the adverse effect on the difference
signal will be greater than that on the sum signal.

The rise in noise level accompanying the changeover
from mono to stereo reception has been determined
both mathematically and by experiment.

The signal-to-noise ratio associated with reception
of a mono signal is given by:

) L
(N)M 3 nozfds (%—arctan%) ®

while the signal-to-noise ratio associated with reception
of the right-hand and left-hand components of a stereo
broadcast is given by [51:
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In both cases it is assumed that the received signal
has the maximum allowed frequency sweep, denoted
by Afm. The other quantities occurring in (1) and (2)
are: '

ve = r.m.s.value of thei.f. signal voltage at the limiter
input.
np = r.m.s. value of the noise voltage within a 1 ¢/s

interval, at the same point in the receiver circuit.
the frequency at which the a.f. signal is attenuaed
by 3 dB as aresult of de-emphasis. In Europe

Ja =
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a value of 3.180 kc/s has been chosen for f:
this is equivalent to an RC time constant of
50 ps.

Jun = the subcarrier frequency (38 kc/s).

Jo = the a.f. signal bandwidth (15 kc/s).

On inserting the stated values of fa, fu and f; in
equations (1) and (2) we find that (S/N)s is about 150
times smaller than (S/N)y. This means that given the
same signal and noise levels at the limiter input, the
signal-to-noise ratio for stereo reception is 22 dB lower
than that for mono reception of a mono broadcast. (Of
course, the ear will not notice a difference of this magni-
tude unless the received signal is weak enough for noise
to be audible for mono reception.)

Equations (1) and (2) only cover the electronic aspect of the
problem, laying down the signal-to-noise ratio as a ratio of two .
powers and making no distinction between noise components of
different frequencies within the audible range. In the estimation of
noise, the human ear has however a part to play; two unwanted
sounds of equal energy but of differing frequency are not exper-
ienced as having equal effect. To allow for this, a common prac-
tice is to place in front of the measuring instrument a “psopho-
metric” filter with a frequency characteristic such as that shown
in fig. 1 181, If this curve is employed in the calculation of total
noise power it will be found that the signal-to-noise ratio is 23 dB
lower for stereo than for mono reception. This differs little from
the result obtained by attaching equal weight to all frequencies in
the audible range.
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Fig. 1. Frequency characteristic of a “psophometric filter”, as
used in noise measurements to represent the differences in the
subjective effect of audible interfering sounds having the same
energy level but different frequencies.

@1 N. van Hurck, F. L. H. M. Stumpers and M. Weeda, Stereo-
phonic radio broadcasting, I. Systems and circuits, Philips
tech. Rev. 26, 327-339, 1965 (No. 11/12).

21 For a concise qualitative treatment, see K. S. Knol, Phxllps
techn. Rev. 20, 50-57, 1958/59.

3 See J. Koster, Multipath transmission effects in FM recep-
tion and their simulation in the laboratory, Philips tech. Rev.
22, 393-402, 1960/61.

4 See for example C. E. Tibbs and G. G. Johnstone, Frequency
modulation engineering, Chapman and Hall, London 1956,
or Stanford Goldman, Frequency analysis, modulatlon and
noise, McGraw-Hill, New York 1948.

51 A derivation of the equations may be found in W. P. Neidig,
Stereo FM (1), R.G.T. Monitor (Philips)4,29-38, 1964.

8} See CCITT. Avis P53B: Psophometre utilisé sur les circuits
pour transmissions radiophoniques, Livre rouge, Tome V
(Ile Assemblée pléniere, New Delhi, 1960), pp. 131-133.
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As far as it relates to interference from the difference signal,
equation (2) only takes account of noise componénts whose fre-
quencies lie within the stereo sub-signal range (23 to 53 kc/s).
Components with frequencies above 53 kc/s can also however
give rise, in the AM detector that demodulates the stereo sub-
signal, to unwanted frequencies in the audible range. For instance,
in a normal peak detector handling a carrier with a frequency
of f kc/s, audible interference arises not only from noise compo-
nents whose frequencies lie between f—15 and f-+15 kc/s,
but also from components with frequencies between 2f—15 and
2f 415 kcfs, between 3f—15 and 3415 kcfs, and so on [7),
This effect is less in a switch detector: noise components centred
on a frequency of 2f give no audible interference; while those
centred on 3f give rise to only one-ninth (in power) of the
interference that would arise in a peak detector. .
" The simplest way of avoiding such extra interference is to de-
sign the receiver in such a way that alternating voltages with fre-
quencies over 53 kc/s do not reach the AM detector for the stereo
sub-signal. In this connection the reader is referred to the adaptor
circuit given in Part I of this article (p. 337, fig. 15),in which the
stereo sub-signal reaches the detector by way of a tuned circuit
K3, and also to the filters marked Fip in figs. 11 and 14 in Part I.

Equations (1) and (2) can be used to calculate the
magnitude of the aerial signal necessary for a good sig-

nal-to-noise ratio. At maximum output power a 50 dB,

signal-to-noise ratio is generally considered to be good.
If we assume that the receiver has a noise factor [8] of
3.5, that a dipole aerial with a noise temperature of
1200 °K is being used 9, we find that a field-strength
of 5 wV/m is required for mono and one of 70 pV/m
for stereo reception, for the specified signal-to-noise
ratio of 50 dB.

In looking at these figures it must be borne in mind
that they are much lower than the field-strength nor-
mally occurring in the area served by a radio station.
In general broadcasting authorities try to achieve a
field-strength of at least 1 mV/m throughout the service
area. In these circumstances, with a normal receiving
aerial the noise originating in the radio link is usually
much weaker than the background noise that is inevi-
tably present. Consequently the listener notices no rise
in noise level when he switches from mono to stereo
reception. More noise will however be heard on stereo if
the transmitter is at a very great distance, for then its
local field-strength will be very much lower.

Pulse-like interference

The nature of pulse-like interference depends to a
very great extent on the type, and on the state of main-
tenance, of the electrical machines or appliances that
give rise to it. This kind of interference cannot there-
fore be expressed in exact and universally valid figures;
the experiments referred to below are based on the use
of equal pulses, equidistant in time.

It has been found by experiment that the field-
strength for stereo reception must be about 14 dB
higher than that for mono reception if the effect of
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pulsed interference is to be the same at the output of
the receiver. '

The measurements in question were carried out in conformity
with rules laid down by the European Broadcasting Union. The
procedure is to connect the receiver to a signal generator whose
output is modulated with monaural information, and which de-
livers to the receiver a voltage the same as that which would exist
at the terminals of a dipole aerial in a 250 wV/m field. “Inter-
ference” pulses are then added whose level is 3 dB above that
causing just perceptible interference under mono reception condi-
tions. The system is then switched to stereo reception, the pulses
being kept at the same level, and the strength of the input signal
is raised until the interference effect, as subjectively assessed, is
the same as before.

~ The figure of 14 dB quoted above implies that for
the same degree of pulse-like interference a stereo trans-
mitter must give, at the receiver, a field strength five
times as great as that from a mono transmitter. Or, to
put it another way, one can say that the range of a trans-
mitter broadcasting a stereo programme is shorter than
that of a mono transmitter of the same power. Let us .
assume, with particular regard to pulsed interference,
that a field-strength of 250 wV/m is necessary for satis-
factory reception of a mono transmitter. (The re-
quired field-strength for stereo reception will then be
1250 pV/m.) If we now refer to graphs published by
the CCIR, we find that on this basis the service area of a
transmitter with an effective radiated power of 100 kW
and an aerial height of 200 m has a radius of about
95 km for mono and 50 km for stereo reception [10],

Interference from other stations

It is again very difficult to provide exact numerical
information about the effect of interference from un-
wanted transmitters, for here too alarge number of fac-
tors come into play which are difficult or even impossi-
ble to express quantitatively. Among these are the types
of programme being broadcast by the wanted and the
unwanted station, and the subjective effect of the re-
sulting interference on the listener. Because of such fac-
tors the results obtained by laboratories that have in-
vestigated the subject show fairly wide disparities, even
when the same programmes have been presented to
listeners for appraisal. Some guidance is available from
fig. 2, which displays the results of an experiment car-
ried out with a receiver and adaptor built in our own
laboratory. The wanted and unwanted signal took the
form of programmes compiled by the “Institut fiir
Rundfunktechnik” in Hamburg and recommended by
the European Broadcasting Union for use in this kind
of experiment; the field-strength of the wanted trans-
mitter was adjusted to 1 mV/m. The strength of the
interfering signal was gradually raised to the point
where the resulting interference was just audible. In the
graph, the ratio between the wanted and unwanted



1966, No. 2

signal strengths has been plotted as a function of the
separation between the two centre frequencies. Curve
M relates to mono reception, curve S to stereo recep-
tion.

-Fig. 2 shows that interference from a station on an
adjoining frequency comes about more readily with
stereo than with mono reception. If the two stations
share the same carrier frequency, then with mono re-
ception, an unwanted signal can be tolerated which is
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Fig. 2. Ratio between unwanted and wanted signal strengths as a
function of the separation Af between the carrier frequencies of
the wanted und unwanted transmitters, when the unwanted sig-
nal level is just high enough to cause audible interference. Curve
M relates to mono and curve S to stereo reception.

11 dB stronger than with stereo reception. As there is
an interval of 100 or 200 kc/s between the carrier fre-
quencies, the ratio between the interference levels ac-
ceptable on mono and stereo becomes about23dB and
2 dB respectively.

Two things should be borne in mind when the results plotted
in fig. 2 are examined. Firstly, the standard test programmes used
in the experiment have been designed to simulate the worst pos-
sible situation arising in practice (large frequency sweep in the
interfering transmission and many quiet passages in the wanted
programme). Secondly, subjects taking part in the experiment
listened very critically before deciding whether interference was
perceptible or not. In fact the average listener will usually not
notice an interfering signal considerably stronger than that in-
dicated in fig. 2. ’

STEREOPHONIC RADIO BROADCASTING, II . ) 65

The difference in the shape of the two curves in fig. 2
can be readily explained, in qualitative terms at least,
The spectrum of a signal radiated by an FM broad-
cast transmitter occupies a band of about 180 kc/s.The
whole band “fills up” with components when the carrier
wave is modulated with speech or music, and this ap-
plies to both the wanted and the interfering station.
Interference to mono reception is mainly due to com-
ponents of the wanted and unwanted signals whose dif-

ference frequencies lie in the audible range, i.e. to com-

ponents less than about 15 kc/s apart. Stereo reception
is subject, in addition, to interference caused by those
components in the spectra of the two transmitters whose
difference frequencies lie within the frequency range of
the stereo sub-signal (23 to 53 kc/s). As mentioned above
when dealing with noise, these, because of their higher
frequencies, produce even stronger interference than
the first type. This explains why the maximum accep-
tablelevel of the interfering signalis lower on stereo than
on mono. It will also be clear now why interference to
stereo reception from another station is worst when the
carrier waves of the wanted and unwanted transmitter
are about 40 kc/s apart. At this frequency difference the
carrier of the unwanted transmitter, whose amplitude
is large during quiet passages in the modulation, gives
rise to an interfering component with a frequency in
the range of the stereo sub-signal. :

Since a mono receiver does not utilize the stereo sub-
signal the possessor of such a set hardly nétices any
change in the interference from other stations, when
the transmitter to which he is tuned switches from a
mono to a stereo broadcast.

Interference due to reflections

The interference that arises from undesired reflection
of radio signals leads to distortion of the modulation,

7] This property of detectors is comparatively little known, prob-
ably because the i.f. stages of a normal radio receiver only
pass a band centred on the intermediate frequency, and so
signal or interference components with frequencies close to
higher harmonics of the i.f. do not get through to the detector.
The noise factor of a circuit is a measure of the contribution
the circuit itself makes to the noise present at its own output
terminals. For a more formal definition, see F. L. H. M. Stum-
pers and N. van Hurck, An automatic noise figure indicator,
Philips tech. Rev. 18, 141-144, 1956/57.
This means that the aerial receives cosmic noise corresponding
to the noise from a resistance equal to the radiation resistance
of the aerial, and at a mean temperature of 1200 °K. This -
noise is not constant: according to measurements by H. V.
Cottony and J. R. Johler (Proc. IRE 40, 1053-1060, 1952)
it varies cyclically over a period of about 24 hours, the maxi-
ma and minima corresponding to aerial noise temperatures of
1700 °K and 700 °K respectively. For information about noise
temperatures, see Reference data for radio engineers,
published by the International Telephone and Telegraph Cor-
poration, New York.
1011t should be borne in mind that the siting of transmitters in
an FM broadcasting network is generally such as to ensure
a field-strength appreciably higher than 250 pV/m through-
out the area served.

8
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which can sometimes be very severe. Here again, a part
is played by factors not susceptible to quantitative
treatment.” We shall therefore confine ourselves to re-
porting some of the results of an investigation in which
reflection of the received signal was simulated in the
laborétory. The experiments were arranged so that
the “reflection” corresponded to path differences of
up to about 15 km for the reflected and direct signals.
In each experiment the amplitude of the reflected signal
was adjusted to the point where its interfering effect
just became perceptible. Fig. 3 is a plot of the ratio be-
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Fig. 3. The ratio between the amplitudes of a reflected and direct
signal as a function of the difference 4 in path length, when the
reflected signal is just large enough to give perceptible distortion.
Curve M relates to mono and curve S to stereo reception.
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tween the reflected and direct signal strengths as a
function of the difference d in their path lengths; curve
M relates to mono, curve S to stereo reception. The
graph shows that in most cases satisfactory stereo
reception requires that the reflected wavé must be
about 10 dB weaker than is acceptable for mono re-
ception. If the distortion due to spurious reflections is
just noticeable on mono, it may in some situations
become very severe on changeover to stereo reception.
Experiments with various systems of stereophonic
broadcasting were performed in the Teutoburgerwald
(in Germany), a region where reflections give consider-
able difficulties. These consistently showed, once again,
that stereo reception is more susceptible than mono to
interference from reflected waves. It was however con-
sidered that the FCC system gave better results than
the other systems investigated.
It has also been found that the combination of a fre-
quency discriminator of wide frequency characteristic,
and an effective limiter, lessens the effect of interfering
reflections. Another and more obvious remedy is to
use a receiver with a directional aerial system.

Summary. A stereo receiver is more susceptible than a comparable
mono set to each of the main types of interference — noise, pulse-
like interference, transmitters on adjacent frequencies, and spur-
ious reflection of the signal. One implication of this is that the
local field-strength necessary for good quality reception from a
given transmitter is higher for stereo than mono. The results of
some relevant theoretical studies and experimental investigations
are presented.
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Osmium dispenser cathodes

P.Zalm and A.J. A. van Stratl_lm

621.3.032.213.2:621.385.6

It might reasonably be expected that metals of low work function would be most suit-
able in the development of dispenser cathodes, when high emission current density or low
operating temperature are required. This turns out, perhaps unexpectedly, not to be the
case. Very promising results have now been achieved with less common metals such as
rhenium or ruthenium, and, in particular, with osmium.

A characteristic of dispenser cathodes, such as the
“L” cathode [11and the impregnated cathode [2], is thata
functional distinction exists between the emissive sur-
face and a reserve supply of the material that serves to
keep the work function of the emissive surface suffi-
ciently low. One possible arrangement for an L cathode
is illustrated in fig. . The emission from a cathode of
this type takes place from the surface of a porous
tungsten body (the substrate), whose work function
is lowered by adsorbed Ba and BaO (the adsorbate).
Behind the tungsten body the L cathode has a stor-
age chamber which contains a mixture of tungsten
powder and barium-calcium-aluminate of composition
5Ba0.3Ca0.2A1203. The structure of an impregnated
cathode is somewhat different: there is no storage
chamber and the barium-calcium-aluminate is adsorbed
in the pores of the porous tungsten body. In the
barium-calcium-aluminate, which is found to consist of
three phases 3], i.e. BagAl2Og, Ba2CaAlsOg and CaO,
a chemical reaction takes place at the operating tem-
perature of the dispenser cathodes, probably in accord-
ance with the equation:

W + 3BagAleOg + 6CaO =
3BaCaAlsOg + CagWOg+3Ba, .. (1)

and this ensures an adequate supply of barium to the
emissive surface.

The metallic character of these cathodes and the
presence of a sufficiently large reserve of activating
material make them particularly useful for applications
which require a combination of long life and heavy
current densities — for continuous as well as pulsed
operation — and good mechanical properties.

Dr. P. Zalm and A. J. A. van Stratum are with Philips Research
Laboratorles, Eindhoven.

The development of microwave tubes, such as disc-
seal triodes, klystrons and magnetrons for higher and
higher frequencies and output powers has benefited
from these characteristics of dispenser cathodes, and

Fig. 1. Basic construction of an L
cathode. I porous tungsten body.
2 chamber containing a reserve
supply of barium-calcium-alumi-
nate. 3 molybdenum cylinder. 4
filament.

has in its turn stimulated further investigations into
these cathodes. Dispenser cathodes are also being
used with success in many other types of thermionic
valve. In all cases, however, the valves have been for
professional applications.

Dispenser cathodes have not so far been used in non-
professional valves for various reasons. Mostimportant
among these are the relatively high price, the high
operating temperature (1110 °C) and, for some appli-
cations, the excesswe evaporation of the activating
material (Ba and BaO)

1) H.J. Lemmens, M.J. Jansen and R. Loosjes, A new thermi-
onic cathode for heavy loads, Philips tech. Rev. 11, 341-350,
1949/50.

2] R. Levi, The 1mpregnated cathode, Philips tech. Rev. 19,
186-190, 1957/58.

3] This has.been demonstrated by C.A.M. van den Broek and -
A. Venema in this laboratory. Having regard to recent in-
vestigations, we feel justified in assuming the validity of
equation (1) for the reaction.
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These factors are to some extent interrelated. The
high operating temperature of 1110 °C inevitably en-
tails expensive methods of mounting the filament. In

order to achieve good heat transfer and at the same-

time sufficient electrical insulation it is necessary to
cement the filament of an L cathode into the molyb-
denum cylinder (3 in fig. 1). This is a rather costly
operation. The high operating temperature required is
also responsible for a rapid evaporation of the acti-
vating material. Again, the development of a cheaper
dispenser cathode (the pressed cathode !4]) was
hampered by this evaporation. In this type the cath-
ode body is made of compressed tungsten powder and
barium-calcium-aluminate. Efforts were made to re-
duce excessive evaporation in these cathodes by
using mixtures of tungsten and molybdenum powders,
at the expense, however, of the permissible current
density, as the work function of the cathodes was in-
creased by the addition of molybdenum.

In these considerations it is seen that attempts to
widen the useful applications of dispenser cathodes
must be concentrated on lowering the operating tem-
perature. : "

The dependence of the current density j of a thermi-
onic cathode on the temperature 7 is given by Richard-
son’s equation:

j=AT?exp (—e@/kT), .. . . .. (2

where @ is the work function of the cathode surface, e
the electron charge, and k is Boltzmann’s constant. The
factor A, which is in theory 120 A/cm2deg?, is for
various reasons much smaller in practice, but little
can be done to improve it. If, therefore, one wishes to
achieve a specified thermionic current density at a
lower operating temperature, the work function has to
be reduced.

If this can be done, it is then also possible to in-
crease the current density if required while maintain-
ing the operating temperature at the same value. This

again may be useful for certain % pllcatlons in pro-
fessional valves. ~ K

Possible ways of reﬂucing the work function

The work function of the surface of a conductor is
governed by two parameters: the chemical potential
lc/e of the electrons in the conductor, and the electro-
static potential barrier s at the surface [51:"

®=—ufe—ps. .. ... O

The first of these two parameters, x¢, depends only on
the chemical composition of the conductor. The sec-
ond parameter, @s, is determined in the first place by
the surface structure, i.e. for a given metal, by the
choice of crystal plane, but it is also dependent on

-

7/
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- external influences, in our case on the presence of.

foreign ions on the surface.
Modification of the potential barrier @s by means of

_adsorbed ions is a traditional method of reducing the

work function of cathodes. The adsorbate used may
for example be caesium, barium, lanthanum or thor-
ium. For normal oxide cathodes Ba is used — here’
not adsorbed on a metal but on an oxide of an alkaline"
earth metal; dispenser cathodes also use Ba(BaO),
adsorbed on a substrate of polycrystalline tungsten.
For every combination of adsorbate and substrate there
is an optimum degree of surface coverage at which the

. work function reaches a minimum value.

In order to lower further the work function of
our dispenser cathodes, one might choose a different
adsorbate or a different substrate. It has been found
that in practice a different adsorbate does not
lead to better results. Although Cs(Cs20) lowers the
work function more than Ba(BaO), it is not as a rule
suitable for use in thermionic valves because of its high
volatility: this would so reduce the maximum permis-
sible temperature of the cathode that the emission den-
sity would drop to a lower value than found with a
Ba(BaO) layer.

However, unexpected results have been obtained at
Philips Research Laboratories in Eindhoven through
the use of a different substrate. These results depend on
the paradoxical fact that the effective work function (6],
given an optimally covered surface, is smaller for a
higher work function of the non-covered substrate. This
was predicted on theoretical grounds (7] and was later
confirmed by extensive theoretical and experimental
investigations with caesium as adsorbate [81,

We shall here explain this unexpected result by
means of a highly simplified model. We shall then deal
in more detail with the results obtained with dispenser
cathodes in which the substrate is osmium instead of
tungsten.

Work function theory based on a simple model

Fig. 2 shows the potential curve at the surface of the
emissive body, the surface being assumed to be homo-
geneous (i.e. without atomic structure). We assume

41 R. C. Hughes and P. P. Coppola, The presséd cathode,
Philips tech. Rev. 19, 179-185, 1957/58.

81 See C. Herring and ‘M. H. Nichols, Rev. mod. Phys. 21, 185,

" 1949,

~8) A different choice of materials generally changes the factor

A in the Richardson equation (2). To make it possible to
compare cathodes at a given temperature, it is usual to’
calculate from the measured j the value of @ for 4 =
120 A/cm2deg?. This value is called the effective work func-
tion. See e.g. E. B. Hensley, J. appl. Phys. 32, 301, 1961.

73 P, Zalm, Rep. 21st Ann. Conf. phys. Electronics M.LT.,
page 62, 1961.

81 A.J. Kennedy, Adv. Energy Conversion 3, 207, 1963.

- N. 8. Rasor and C. Warner, J. appl. Phys. 35, 2589, 1964.
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Fig. 2. Potential curve at the surface of an emissive body. As is

customary, the graph shows the positive direction of the poten-

tial downwards. F Fermi level. O potential level in vacuum. @g

work function.

a) Without adsorbate. C is the lower limit of the conduction
band in the metal. For uc/e and gs see eq. (3).

b) With a certain quantity of adsorbate. The adsorbed atoms give
rise to donor levels D which are at a potential difference Iaas
below the local potential P. The work function has been
reduced from @p to D.

¢) With optimum coverage. The level D coincides with the Fer-
mi level. The work function has the minimum value, @min.

for simplicity that all the electrons in the metal are at
the Fermi level F; at a considerable distance away they
are at the vacuum level O. The potential difference
which the electrons have to overcome with the aid of
thermal energy in oider to leave the metal — the work
function — is denoted by @, for the case where there
are no adsorbed ions (fig. 2a). The values of ue and

@s are here taken into account (see eq. 3). The value of

@s is now altered by the adsorption of atoms able to
give up electrons to the metal — thus acting as a kind
of surface donor. In fact the ions formed at the surface,
together with their mirror image charge, effectively
form a charged capacitor, so that the total potential
curve has the form shown in fig. 2b. This lowers the
work function by an amount A¢.

How far can this process of adsorption and lowermg
of @ continue? If only one atom is adsorbed it gives

OSMIUM DISPENSER CATHODES - N

rise to a donor level which is lower than the local
potential (as yet unchanged) by an amount which we
shall call Lhge: If this donor level is higher than the
Fermi level, an electron will as a rule be given up to the
metal. As the number N of adsorbed ions per unit
area increases (all at a distance r from the ideal sur-
face) the local potential decreases — causing a decrease
of @ — and consequently the height of the donor level
above the Fermi level also decreases (fig. 2b). There will
no longer be any ionijzation, and thus the process of
adsorption with ionization and lowering of @ cannot
continue, as soon as the level of the donors coincides
with the Fermi level. In this situation — the optimally
covered surface — where Nopt ions are adsorbed and
the local potential at r is lowered to a height L 45 above
the Fermi level, we have the lowest work function,
@Dmin; see fig. 2¢.

In reality the nature of the process gradually changes before
we reach this stage, because the surface coating contains an in-
creasing fraction of non-ionized donors, and moreover the effect
of the adsorption on the potential curve gradually decreases —
or even changes sign — because to a certain extent the adsorbed
ions can form dipoles. All these factors can however be dis-
regarded in our model.

Consider now a different substrate, which has a
higher work function @y in the uncoated state. The
same considerations can be applied in this case. Al-
though Igs and r depend slightly on the substrate,
their influence can be neglected, Here also, for an
optimally covered surface, the local potential at the
location r will have dropped to a height Ings above the
Fermi level. If we try to draw a continuous potential
curve that passes through this fixed point and through
the starting point, located at the metal surface, which
is at a height @y above the Fermi level (fig. 3), we
see that the final level, at a considerable distance
from the surface, will naturally be smaller if the start-
ing point is made higher. A substrate with a higher
@, therefore gives a lower @min. This is the paradoxical
effect already mentioned. Its explanation, using
the picture we have sketched, is that the number of
ionized donors providing the optimum coverage, Nopt,
rises with increasing @p to such an extent that the
increase of @ is more than compensated.

$02

F

Fig. 3. Starting from a higher ¢‘o (Doz > Do1), a lower DPmin
(dashed curve) may be expected when the surface is optimally
covered. . -
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A rough calculation based on the model yields ex-
pressions for Nop and for the final work function @min,
which lead to the same conclusion.

The calculation is as follows.

"If there are N ionized atoms present per unit area, then the
potential at the surface with respect to that at a considerable
distqnce is increased by:

1. .
dpo =—Ner. ........®

In fact, if we have a parallel-plate capacitor with vacuum dielec-
tric and a spacing between the plates of 2r — i.e. the distance be-
tween the ions and their mirror image — then the voltage with
respect to the plane of symmetry is given by eq. (4) if the charge
per unit area is Ne. The local potential at the location of an
ion can be calculated by assuming that the ion has a circular

area zd? available to it (by definition of N, zd2N = 1), while -

all other adsorbed ions are distributed homogencously over the
rest of the surface. This is a plausible simplification in view of the
migration of the adsorbed ions. The homogeneously distributed
ions, together with their mirror image,' again form a parallel-
plate capacitor with a spacing between the plates of 2r, but in
which there is now a circular hole of diameter 2d. It can be shown
by a simple calculation that, at the location of the ion, in the
centre of this hole, there must be a potential difference with
respect to the metal surface, of magnitude:

A = N(Vd2 + 42 — d)ef2e0,
or, as wd?N = 1:
Age = VaN(VT + 4nr®N—1)e[2ne0. . . . (9

We have seen that the optimum ion coverage, Nopt, is reached as
soon as the local potential has dropped to the height Iaas above
the Fermi level. Therefore:

VaNopt (V1 + 4riNop, — 1)ef2n60 = Po— Tnas. - - (6)
On the other hand we then have according to eq. (4):
AP max = Do — Duin = Nopt refeo . ... D

By eliminating Nopt from (6) and (7) we find the relation of in-
terest between @min and Do:

/ e(Do— D) §l/1 + 47r_€or((po_ D) — 14,
4neor ( e
®
It is easily verified that, provided the condition ®o > Iuas is full-
filled, d®min/d Do is in fact negative— and this is the paradoxical
effect mentioned above. :

Still keeping to our model, @min can easily be calculated for
the case where Nopt is still fairly small, so that the ions cover only
a small part of the mefal surface. In this case the expression be-
tween brackets in eq. (6) is approximately 272r2Nopt, and eq. (8)
simplifies to:

Py — Inas =]

5 .
Duin = Do— V(Do — Inas)?e/meor . R )]

For a caesium adsorbate we put » = 1.65x10 -2 m and Jygs =
3.87 volt, which are the values for the free caesium ion and the
ionization potential of the free caesium atom. We may then
expect that, because of the condition refeired to, a negative
d®Pmin/d Do will arise in metals for which Do > 3.87 V. On the
other hand, equaﬁon (9) can only be applied to metals for which
®o < 5.1 V: at greater Do the value of Nopt is so high that the
approximation used is no longer sufficiently accurate.
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As an example we can use the equations to calculate
@Dmin for the adsorption of caesium on two different
tungsten surfaces: a (100) plane and a (112) plane.
For the (100) plane we have @y = 4.65 V [0, With the
values of Inas and r for caesium the equations yield:
Nopt = 9.25x1013/cm? and @min = 1.88 V. For the
tungsten (112) plane a higher value of @p applies:
4.85 V, and the equations give: Nops = 1.08 X 1014/cm?
and @pin = 1.63 V, that is to say a substantially lower
work function. . , ,

Although, in view of the nature of the model, the
calculations only have a qualitative significance, these
results do not, remarkably enough, differ very much
from the values found by experiment. If they are to be
compared, it should be noted that only the fotal quant-
ity of adsorbate can be determined experimentally, i.e.
the sum of ionized and non-ionized donors, whereas
Nopt relates only to the ionized ones. The ratio be-
tween the two quantities when the surface is optimally
covered can be calculated on a statistical basis; for
caesium it is 1 : 2, so-that for the two cases we find
from the calculated values of Nypt a total occupation
of 2.8x10/cm?2 for the (100) plane of tungsten and
3.2x10%/cm? for the (112) plane. In recent meas-
urements [10] on a polycrystalline tungsten surface,
which had been thermally etched before the ad-
sorption of caesium the minimum work function found
was @Pmin = 1.78 -+ 0.01V, the adsori)tion amounting
to 2.6 to 2.8 x 1014 atoms/cm2.

Measurements on various substrates using a barium
adsorbate

Mouch less is known experimentally about the way in
which the work function of the substrate affects the
resultant work function when Ba(BaO) is used as ad-
sorbate instead of caesium, nor is it possible to calcu-
late @mpin for barium from the purely ionogenic model
used, as the value to be inserted for Inqs is not known.
However, investigations by Rittner [11] on tungsten
and molybdenum, and by Sackinger and Brodie [12]
on rhenium, gave analogous results: here also @Pmin
is found to decrease with increasing @o.

On the basis of the foregoing, we have investigated
various metals to determine their usefulness as a sub-
strate for dispenser cathodes. The choice of these
metals was dictated by the requirements that the work
function in the uncoated state should be higher than
4.54 V, the work function of tungsten, and that the
metals should not alloy with Ba, nor react with the
barium-calcium-aluminate mixture used as the filling
in dispenser cathodes. - '

Rhenium, ruthenium, iridium and osmium are metals
that meet these requirements. The work function of
polycrystalline rhenium is 5.1 V. The work functions of
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polycrystalline iridium and osmium have been found
in our laboratory [13] to have values of 5.50 4= 0.05V
and 5.93 4 0.05 V, respectively: The work function of
ruthenium is not known exactly but is in any case higher
than that of tungsten. These four metals were applied
in layers between 0.1 to 1 um thick to the porous tung-
sten body of a dispenser cathode, which in other re-
spects was made in the normal way, either as an L
cathode or as in impregnated cathode. The pores of
the tungsten have dimensions of the order of 10 um,
so that the thinly applied metal coating in no way in-
hibits the replenishment process in the dispenser
cathode.

As expected, after adsorption of Ba(BaO) the effec-
tive work function decreased as the work function of
the substrate increased. The differences found between
dispenser cathodes using Re, Ru, Ir and Os were not
very considerable. The work function of the cathodes
coated with osmium, however, was plainly the lowest.
We therefore constructed a number of osmium-coated
cathodes and subjected them to various extensive tests.

Osmium-coated cathodes

Current density

Fig. 4 shows the current density as a function of
temperature for an L cathode with 0.5 um thick os-
mium coating and for a normal L cathode. The meas-
urements were made with a simple diode with an
anode-cathode spacing of 0.4 mm, at an anode voltage
of 1000 V and under pulsed loading, the pulse length
being 50 us and the repetition frequency 50 pulses per
second. It can be seen from the figure that at 800 °C the
current density of the Os cathode is about 10 times
higher than that of an uncoated cathode. At-1050 °C
the current densities still differ by a factor of 2.5. It can
also be seen that the osmium cathode needs a tempera-
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. Fig. 4. Current density jas a function of cathode temperature 7,
for a normal L cathode (dashed curve) and for an L cathode with
an osmium coating 0.5 um_thlck (full curve).
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ture 100 °C lower than that of a normal L cathode for
the same current density.

Calculation of the work function from the curves
gives @ = 1.60 V and a value of 4 = 10 A/cm2deg?
for the Os cathodes, compared with @ = 1.95V and
A = 50 A/cm2deg? found for the uncoated cathodes.

More detailed information on the emission charac-
teristics of an Os cathode and a normal L cathode is
given in fig. 5. In this figure the abscissa represents the
effective work function at 800 °C (i.e. the @ value .
calculated for A assumed at 120 A/cm2deg? (61), and-
the ordinate gives for each value of @er the fraction of
the total cathode surface at which that value is found.
It is seen that the average @eg for the Os cathode is
1.68 V and that for a normal L cathode 1.90 V. An-
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Fig, 5. Emission from the same two cathodes as in fig. 4, at 800 °C.
The abscissa represents the effective work function @err (and

. also the corresponding current density), and the ordinate gives,

for each value of Derr, the fraction of the total cathode surface at
which that value is found. (The measurements were made by a
method described some time ago in this journal; see C. G.J.
Jansen, A. Venema and Th. H. Weekers, Philips tech. Rev. 24,
402, 1962/63.)

91 This value for the work function can be derived from the
experimental data given by A.G.J. van Oostrom, Validity of
the Fowler-Nordheim model for field electron emission,
thesis, Amsterdam, June 1965 (Philips Res. Repts. Suppl.
1966, No. 1).

@0 B. H. Blott, B. J. Hopkins and T. J. Lee, Surface Sci. 3, 493,
1965 (No. 5).

0L E. S. Rittner, R. H. Ahlert and W. C. Rutledge, J. appl.
Phys. 28, 156, 1957; E. S. Rittner and R. H. Ahlert, J.appl.
Phys. 29, 61, 1958.

fz] J, p, Sackmger and I. Brodie, Rep. 21st Ann Conf. phys.
Electronics M.L.T., page 40, 1961.

03] The values were denved from photoelectric measurements
made by G. J. M. van der Velden.
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other feature of note in the graph is the reduced spread
in the work function of the Os cathode. This feature
can be important in valves in which the emitted elec-
trons should as far as possible have the same energy.

Life

The ‘life of an L cathode is proportional to the
quantity of barium-calcium-aluminate in the storage
chamber. For a given porosity of the tungsten body, the
quantity of Ba (and BaO) lost by evaporation per unit
time and per unit cathode surface depends only on the

cathode temperature (fig. 6). The life of a normal L
cathode operating at 1110 °C s in the region of 15 000
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Fig. 6. Evaporation of Ba as a function of cathode temperature T
at a given porosity of the tungsten body (after unpublished meas-
urements performed by C.A. M. van den Broek and A. Venema).

hours. An osmium-coated cathode with the same re-
serve supply of barium-calcium-aluminate may be
expected to have the same life if operated at 1110 °C;
if, however, the Os cathode is operated at a temperature
of 1010 °C, which is sufficient for the same emission,
the cathode should have a 6 to 10 times longer useful
life. . o

Two series of cathode life-test experiments have been
started to check this prediction, using Os cathodes of
8 mm? surface area, with 0.5 um osmium, mounted
in diodes with molybdenum anodes and operated at
100 mA, i.e. 1.3 A/cm?, at a cathode temperature of
1110 °C in one series and at 1010 °C in the other.
These experiments have now been in progress for
14 000 hours — there are unfortunately only 9000
hours in the year. During this time the saturation
emission has remained virtually constant. This means
that the advantage of the lower operating temperature
has been brought into effect; whether the extremely
long life predicted will be achieved in these experimen-
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tal valves is not yet known. In fact, it is conceivable that
the osmium coating will eventually disappear as a re-
sult of evaporation, diffusion or migration. Nothing
of this has yet beennoticed at temperatures lower than
1050 °C, even with the thinnest coatings of 0.1 pm.
At temperatures higher than 1150 °C, however, there
are some indications of coating loss. A separate series
of tests has been started to investigate this effect as a
function of cathode temperature and coating thick-
ness, but these tests will take a considerable time to.
complete because of the long lifetimes involved.

Osmium-coated impregnated cathodes are more
subject to coating loss. At a cathode tempeérature of
1110 °C the “osmium properties” have disappeared
after only about 5500 hours of operation, and the cath-
ode then behaves in the same way as an uncoated im-
pregnated cathode. Atacathode temperature of 1060 °C.
this happens after about 7500 hours, but at a tempera-
ture of 1010 °C this type of cathode also shows no 51gns
of osmium loss, even after 14 000 hours.

The exhaustion of the reserve of barium-calcium-alu-
minate, which we have mentioned as the primary
cause of limitation of life, is of course not the only
possible cause. The filament may break, the porous
tungsten body may become deformed, the valve char-
acteristics may be affected by the evaporated Ba and
BaO (insulation faults, grid emission). At the lower
operating temperature of the osmium cathodes, all
these factors as well will only make their effect felt
after a much longer running time than with normal
L cathodes.

Secondary electron emission

In some applications, for example in magnetrons,
the contribution of the secondary electron emission to
the total current density is very important. Although no
particular attention was paid to this point in the de-
velopment described here, it is nevertheless a welcome
incidental feature that the secondary emission coeffi-

cient of the osmium-coated cathodes is appreciably
* higher than that of normal dispenser cathodes. It is '

worth noting that in this respect as well, osmium is by
far the most suitable of the metals investigated. ‘
In fig. 7 the results of measurements of the_second-
ary emission coefficient are presented as a function of
the energy of the primary electrons, for an osmium-
coated L cathode, for a normal L cathode and for a
normal impregnated cathode. Although the differences
in the secondary emission coefficient are evidently
not very large, they are nevertheless important. In a
4 mm magnetron type DX 164, for example, the
maximum current density is 190 A/cm? with an un-
coated impregnated cathode, but 320 A/cm? w1th an -
Os cathode.
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Fig. 7. Secondary emission coefficient J as a function of the ener-
gy E of the primary electrons (in eV) for a normal L cathode (L),
an impregnated cathode (Imp) and an osmium-coated L cath-
ode (Osm).

Other practical data

As shown in the foregoing, the reduction in the
temperature required for operation increases the
possibility of using dispenser cathodes in non-pro-
fessional valves, where the expense of initial purchase
and replacements is such an important consideration.
The development of such applications is still in the
initial stage. As indicated, however, the new cathodes
with their higher performance may also be useful in
various professional valves, in particular in micro-
wave valves. We have already mentioned magnetrons.
The use of Os cathodes is also being investigated in
disc-seal triodes [14] and in various reflex klystrons.

In the disc-seal triodes osmium-coated cathodes are
under test both at 1150 °C (the usual temperature for
uncoated cathodes in these tubes) and at 1020 °C. In
both cases the cathode loading is 0.75 A/cm? and up
to now the useful life is longer than 10 000 hours.
Because of the low barium evaporation and the imper-
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ceptibly small deformation of the tungsten body, the

valve characteristics, particularly for cathodes operated

at 1020 °C, are remarkably constant compared with -

those of valves with uncoated cathodes. From these
data the expected life of Os cathodes at an operating
temperature of 1020 °C (970 °C black-body tempera-
ture) may be estimated at several times 10 000 hours
— more than sufficient for valves to be used in inter-
planetary missions.

The use of Os cathodes makes it possible to make
reflex klystrons for even shorter wavelengths than have
up to now been possible. Normal uncoated L cathodes
have a reasonably long life in continuous operation
at loadings up to 8 A/cm?2. This is just sufficient, as
B.B. van Iperen has shown, for a2 mm reflex klystron
to be feasible (151, albeit with marginal characteristics.
Using an Os cathode, G. H. Plantinga of this labora-
tory has succeeded in producing a practical 2 mm reflex
klystron (type DX 247) in which the current density
is 20 A/cm2. With the same type of cathode he was
also able to develop a 1.5 mm reflex klystron. In this
case continuous loading at about 25 A/cm2 is required.

(141 On disc-seal triodes see J. P. M. Gieles, Philips tech. Rev.
19, 145, 1957/58.
{151 B, B. van Iperen, Philips tech. Rev. 21, 221, 1959/60.

Summary. To widen the useful scope of dispenser cathodes, the
work function of the emissive tungsten surface should be reduced
to a value lower than that already achieved with the coating of
adsorbed barium. This has been made possible by the paradoxical
effect that the work function of a metal surface optimally covered
with barium is lower for a higher work function of the uncoated
metal. This effect is explained with the aid of a simple model, and
by means of an approximate calculation equations are derived
for estimating the work function to be expected. The predic-
tions are found to agree very reasonably with experiments. With
a view to the practical application of the effect, dispenser cathodes
were made with the porous tungsten body variously coated with
athinlayer (0.1to 1 ;xm)ofrhenium,ruthenium, iridium or osmium.
The best results, i.e. a lowering of the work function from 1.95 V
to 1.60 V, were obtained with osmium. This means that an
osmium-coated L cathode operated at 800 °C has a current den-
sity 10 times higher than a normal L cathode. This improvement
can be utilized either for operating the cathode at a lower tem-
perature, thus making more economical designs and longer life-
times possible (e.g. in disc-seal triodes several times 10 000 hours)
or for achieving even higher current densities (e g. 25 Ajcm? in
a 1.5 mm reflex klystron).
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‘Physiological aspects
of the lighting of tunnel entrances

D. A. Schreuder

628.971.6:624.19:612.84

In the last few years the Philips Lighting Laboratory in Eindhoven has made an extensive
investigation to find how road tunnels should best be illuminated so that traffic can
drive through safely without having to travel unduly slowly. Some of the experiments are
described in the present article. They relate in particular to the effects on the vision of a
driver as he approaches and enters a long and therefore relatively dark tunnel. The
practical conclusions drawn from these experiments have had an important bearing on
the design of the lighting system for the Coen tunnel, now being built under the North

Sea Canal to the west of Amsterdam.

Introduction

The growing volume of traffic, both on land and
water, has the result that it is increasingly necessary to
make use of tunnels for the intersections of traffic
routes. For a simple road under-pass the tunnel is
usually short enough for a driver to see from one end
to the other, and no artificial lighting may be needed.

The situation is quite different in tunnels built

" under rivers and canals, or through mountains. A

driver passing through such tunnels is unable to see
obstacles silhouetted against the light of the exit. Here,
effective lighting during the daytime (and at night
as well) is essential [1).

The problems in tunnel lighting design which we
want to examine in this article, arise in the last in-
stance because, without installing exorbitantly ex-
pensive and elaborate systems, it is not possible to
illuminate the inside of the tunnel in such a way that the
brightness equals or even approaches that of a sunlit
road. Even in well-lit tunnels, drivers will experience
a decrease in the luminance level: this may often fall
to a value no higher than 1/500 of the luminance
outside. A driver’s eyes can only cope with such a
change of himinance if the change does not take
place too quickly. If the eye is not given enough
time, its state of adaptation remains for some time
far behind that appropriate to the luminance level
encountered. The driver then sees virtually nothing.

_The relatively slow adaptation of the eye is not,

however, the only visual difficulty involved. Difficul-.

ties can already begin to arise while the motorist is
still approaching the tunnel entrance in full daylight.
These are a result of the induction effect, in which the

Dr. Ir. D. A. Schreuder is with the Lighting Laboratory of the
Philips Lighting Division, Eindhoven. i

sensitivity (state of adaptation) of a particular part
of the retina is influenced by that of the neighbouring’
parts. The strong illumination of a fairly large area
of the retina prevents the sensitivity of the part of the
retina on which the tunnel entrance is imaged from
adjusting itself to the relatively low level of luminance
at the entrance: it adjusts itself instead to an apprecia-
bly higher level. If this effect is very pronounced, the
motorist sees the tunnel entrance as a “black hole”
in which no details can be discerned. In other words,
he cannot see into the tunnel at all [2]; see fig. 1.

The lighting engineer has to design transitional
lighting for a tunnel in such a way that the state of
adaptation of the eyes of a driver approaching the
tunnel entrance does not lag too far behind, and
also in such a way that no inconvenient ,,black-hole
effect” occurs. In the Philips Lighting Laboratory at
Eindhoven, our investigations have been directed
towards a better understanding of these effects, so
that rules and recommendations can be drawn up for
the design of tunnel lighting systems. The principal re-
sults of these investigations are firstly the conclusion
that the black-hole effect is not troublesome if the lu-
minance in the first part of the tunnel is at least 109, of
the level outside, and secondly that adaptation presents
no problems when 10 to 15 seconds are available for
the transition from daylight to the lowest level of lumi-
nance inside the tunnel. For a motorist travelling at a
speed of 72 km/h (45 m.p.h.) these times correspond
to distances of not less than 200 to 300 metres.

In this article we shall describe the investigations
and set out the main conclusions from the results.
We shall then briefly discuss some experiments made
with models at Eindhoven, in which these conclusions
were put to the test. Finally, we shall give a concise
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Fig. 1. An insufficiently lit tunnel entrance may look like a black hole. An approaching
driver is unable to see into the tunnel. (Since the photograph was taken the entrance lighting
for this tunnel has been very much improved.)

survey of the recommended rules for the design of a
tunnel lighting system B3], and a short description of the
entrance lighting, designed along these lines, for the
Coen tunnel now being completed under the North
Sea Canal to the west of Amsterdam. Before dealing
with the experiments concerning the relevant adapta-
tion phenomena, we shall go into the nature of these
effects in somewhat more detail, and show that adap-
tation and induction, although related, can in our case
be studied separately.

Distinction berween adaptation and induction

In this article we shall take induction to be the

effect in which, for a non-uniform distribution of

luminance over the object, the sensitivity of an element
of the retina does not correspond exactly to the lu-
minance of the part of the object imaged on it, but
depends on the luminance of other parts as well. In
some measure this is due to the scattering of light in
the eye.

The sensitivity of a given element of the retina is
called the srate of adapration of that element. The
same state of adaptation of a certain part of the retina
can result from many different luminance distrubutions
at the object. One of these distributions, of course,
is a uniform one, and the luminance appropriate to
this distribution is termed the adapration level.

If we do not have steady-state conditions, but the
luminance of the visual field or part of it changes, then
one must expect a change in induction effects, and
therefore a change in the state of adaptation as well.
Some time after the change, each part of the retina
reaches a new state of adaptation. The change is the
process of adaptation and the time necessary for the
adjustment is the adaptation time.

Assuming that a state of adaptation can be defined
at any given instant during the adaptation process, we
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can describe adaptation in
terms of a succession of
adaptation levels, that is to
say by a curve representing

luminance values of a
hypothetical visual field.
During  adaptation  the

hypothetical luminance
value usually differs from
the actual luminance in the
visual field, and the difTer-
ence between them is called
the adaptation defect. 1f the
luminance of the visual field
changes slowly, the adap-
tation defect is small: if,
however, the luminance
changes abruptly, the adaptation defect is consider-
able. We shall confine ourselves in the following to
what happens when the luminance in a part of the
visual field decreases abruptly, or at least rapidly,
which is the usual situation on entering a tunnel. The
adaptation eflects at the tunnel exit are much less
inconvenient, and will not be considered.

The relatively low speed with which the state of
adaptation of a part of the retina adjusts itself to a
change in the luminance of the corresponding part of
the visual field is responsible for the familiar after-
images on the retina. Suppose, for example, that a
person is observing a screen which is uniformly il-
luminated except for one small patch, which is brighter.
The luminance of this small patch is then reduced to
that of the rest of the screen. The state of adaptation
of the part of the retina which received the image of
the path does not follow the change of luminance
instantaneously. The sensitivity at first remains appro-
priate to a higher luminance. The observer now under-
evaluates the luminance of the area of the screen where
a moment ago the luminance was still high, i.e. he
secs a dark area of the same shape. For obvious reasons,
this is referred to as a negative after-image.

A change in the distribution of luminance in the

117 Tunnels that can be seen through, but which also require
artificial lighting in the daytime, will not be considered in
this article.

In this connection see: D. A. Schreuder, Short tunnels, Int.
Lighting Rev. 16, 95-99, 1965 (No. 3).

[2] The fact that there are two distinct disturbing effects was
first noted by the late Dr. A. M. Kruithot (Philips tech. Rev.
10, 299-305, 1948/49).

3] A more extensive treatment of this topic will be found in:
D. A. Schreuder, The lighting of vehicular tratlic tunnels,
Philips Technical Library, Eindhoven 1964. The conclusions
drawn from the experiments have also been reported in:
Aanbevelingen voor tunnel verlichting, Electro-techniek
41, 23-32 and 46-53, 1963, and have been issued separately
by the Nederlandse Stichting voor Verlichtingskunde

(Netherlands [luminating Enginecring Society).
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visual field generally results in a change of induction.
Since induction changes involve an adjustment of
retinal sensitivity, it is reasonable to consider this as
an adaptation effect. As here the sensitivity of the
whole retina (or a considerable part of it) changes,
the effect may be called general adaptation.

The pupillary reflex, i.e. the change in the diameter
of the pupil as a result of a change in the luminance
of the visual field, is often also considered as an adap-
tation effect. However, as under practical conditions
the variations of pupil diameter are relativily small, the
influence of the pupillary reflex can be neglected in
discussing the lighting of tunnel entrances [4].

What happens when a driver approaches a tunnel
entrance can now be described somewhat schemati-
cally as follows. When the driver is still at some consi-
derable distance from the tunnel, the state of adapta-
tion of his visual systein is not yet influenced by the
dark entrance. As he comes nearer a moment is reached
when, owing to the changes in the distribution of
luminance in the visual field, the state of adaptation of
the driver’s eyes starts to be influenced: the adaptation
begins. The point on the road where this happens is
termed the adaptation point. Until this point is reached,
the state of adaptation of the whole retina remains
unchanged and any limitation of observation is due
solely to induction. Up to this moment the eye is
adapted to the mean value of luminance in the open
field outside the tunnel. After the adaptation point
has been passed, the limitation imposed on observation
is due solely to adaptation effects, (the change of in-
duction being also an adaptation effect). The induction
and adaptation effects do not therefore limit obser-
vation simultaneously, but consecutively, and this
means that they can be studied separately.

The location of the adaptation point and the lumi-
nance of the visual field in front of the tunnel entrance
are two important factors. The adaptation point is not
at exactly the same place for every driver, nor is it the
same for every journey; it may often be no-more than
30 or 40 metres in front of the tunnel entrance. Since
a driver travelling at a speed between 70 and 100 km/h
must be able to see at least- 100 metres of the road
‘ahead, this means that in most cases he must be able
to see into the tunnel before he has reached the adap-
tation point. . - ‘ :

The outside luminance determmes to a considerable
extent the inconvenience experienced by the driver upon
approaching a tunnel; this applies both to induction
~and adaptation effects. It is therefore important to
know the maximum value of the outside luminance
that will be encountered. Daylight recordings have
shown that the illumination level measured in the
horizontal plane in the summer is quite often higher

v
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than 100 000 lux. Under conditions of total reflection,
this would correspond to a luminance of about
30 000 cd/m2 The reflection factor of the surfaces
near the tunnel entrance is not usually more than 0.25.
Values of luminance higher than 8000 cd/m? need
not be taken into account, and in this article we shall
take this value as the maximum for practical purposes.

Induction

We shall now describe the laboratory experiments
carried out at Eindhoven to determine the requirements
for the lighting of a tunnel to avoid the black-hole
effect. These experiments were concerned first and
foremost with the visibility of objects: a study was
made to determine the luminance required at the part
of the visual field corresponding-to the tunnel entrance
to enable objects silhouetted against it to be disting-
uished. Particular attention was paid to the dependence

‘of this luminance level on the contrast between the

object and its direct background. In the experiments,
the observer’s state of visual adaptation was kept
constant to ensure that the effects involved would be
purely induction effects, or, in other words, to ensure
a fair imitation of the conditions experienced by a
driver who has not yet passed the adaptation point.
Later in this article it will be shown that the conclusions
on tunnel lighting which have been drawn from these
experiments are not significantly affected by the fact
that, in other respects, there are differences between
the experimental conditions and those actually found
on the road.

As a yardstick of visibility we introduced a “cri-
tical” object. We chose a square object, 20 X 20 cm,
situated 100 m in front of the vehicle — at 100 m a
length of 20 cm corresponds to 7 minutes of arc —
and having a reflection factor giving a contrast of
20% with the direct background 51, We considered
the visibility of the critical object as sufficient when
there was a 75%, probability of seeing it “at a glance”,
that is to say in about 0.1 s. Contrasts of 209, be-
tween vehicles and the background against which
they are seen are fairly frequent, smaller contrasts
are seldom found. The choice of this critical object
and of the time of observation are of course to some
extent arbitrary. It will be shown, however, that the
results of the experiments do not differ very widely,
even when the various parameters are altered consi-
derably.

The arrangement for the induction experiments is
represented schematically in fig. 2. Visual adaptation
was determined by a screen S of luminance L illumi-
nated by lamps V1 (adaptation level = L;). A shutter
B in this screen could be opened for a short time to
display an inner field of luminance Ly containing an
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Fig. 2. Arrangement for induction experiments. S large screen
illuminated by lamps V1. The luminance L1 of the screen deter-
mines the adaptation level of the observer’s eye O. B shutter
driven by motor M. Every six seconds the shutter opens and
displays for 0.1 s an inner field of luminance Ls, in which there
is an object of luminance L3 (sec fig. 3). The inner field is pro-
duced by illumination of the ncutral filter F by the lamp V.

Fig. 3. Schematic representation
of the observer's visual field
when the shutter is open. He Ly
sees an object with luminance L3
against a background with
luminance Ls. The luminance 1y
L1 of the screen governs the
adaptation.

object of luminance Lg ( fig. 3). When the shutter was
closed the luminance at the location of the inner field
was also L. The inner field with the object was pro-
duced by means of a glass plate F on which there was
a vacuum-evaporated neutral filter. The transmission
at the object location was lower than elsewhere, and
the filter was illuminated from behind by a lamp V..
By means of a rotating shutter, driven by a synchro-
nous motor M, the inner ficld was made visible every
six scconds for the quoted 0.1 second. This time is
short enough to meet the requirement that no adap-
tation should occur. The coarse adjustment of tumi-
nances L1 and Ls was made by means of neutral filters
and the fine adjustment by varying the voltage of the
lamps. (If large variations are made by changing the
lamp voltage alone there is an excessive change in the
colour of the light.) Since the ratio Lg/Ls depends
solely on the filter, a variation of the illumination of
the filter F caused no change of contrast. To find out
how far the results were governed by the choice of the
critical object, various filters F were used with different
Lg/L3 ratios, that is to say measurements were carried

141 See: H. Bouma, Receptive systems mediating certain
light reactions of the pupil of the human eye, Thesis, Eind-
hoven 1965; also published in Philips Res. Repts. Suppl.
1965, No. 5.

5] We take contrast to be the difference between the luminances
of object and background, divided by the background
luminance. The ratio is expressed as a percentage.
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out with different contrasts between object and back-
ground. A photograph of the experimental arrange-
ment can be seen in fig. 4.

At the beginning of each series of experiments the
observer looked at the screen for some time (about
5 minutes) with the shutter closed. After his eyes had
become sufficiently adapted, the shutter was opened a
number of times. The same glass plate F was used
throughout in one series of experiments — constant
contrast between object and background — but the
luminance Ls was varied; each value of Ls occurred
five times in a single series. The observer now had to
indicate, every time the inner field was exposed,
whether he had seen the object or not. A difference from
the situation on the road was of course that the obser-
ver knew where the object was and what it looked like,
so that he did not have to look for it. With the aid of
statistical methods, a curve was drawn through the
25 to 35 points obtained from each series of measure-
ments. These curves (regression curves) indicated the
dependence of the percentage of positive answers on
Ls. The values of L appropriate to observation pro-
babilities p of 509, and 759, were derived from these
curves. Similar series of experiments were carried out
for various other values of Ly and various other con-
trasts, with ten observers in each series.

Fig. 4. View of the experimental arrangement of fig. 2. Centre
the screen S. Left, the lamps V1 that illuminate the screen. To
the right of S is the rotating shutter B with a motor M, the
holder for the filters F and the housing C containing the lamp
Va (fig. 2). Part of the control panel can be seen on the extreme
right. The observer (not visible in the photograph) sits on the left.
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The results©1 for p = 759 are summarized in
fig. 5, which gives the minimum value of L2 needed to
be able to observe an object in 759 of the cases at
an adaptation level L. 'Th_e curves relate to different
values of contrast C, as indicated beside the graph.

10%cd/n?
i C=15%
703' C=20%
/ 3C=268%
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Fig. 5. Results of induction- experiments. The luminance Lo
which was necessary in 75% of the cases to see the object within
a time of 0.1 sec is plotted as a function of the screen luminance
L,, with the contrast C as parameter. The values for the critical
object (C = 20%, angle of vision 7°) were found by interpolation.

Two important conclusions may be drawn:

1) To see an object that has a contrast of 209, against
its background, where L; = 8000 cd/m?, the lumi-
nance Lo at the beginning of the tunnel must be
about 1000 cd/m?2.

2) The minimum value of Lg is roughly proportional
to Ly for a considerable range of L values; as an
approximation: Lg = 0.1 L;. This is particularly
important because it shows that there is no reason
why the gradual luminance transition required by
the slowness of adaptation should not be realized
with the aid of daylight-screening grids fitted at the
entrance of the tunnel. As the transmission of
such grids is constant, their use means that Lz is
always the same fraction of L.

It is of importance to know how much these results
change when a different critical object is chosen or
when the other conditions of the experiment are
changed. Fortunately it is found that even a fairly
considerable variation of most parameters has little
effect. It may therefore be concluded that this figure
can indeed be used to describe the black-hole effect.
We shall now briefly discuss the influence of the
various parameters. ' ‘
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If one accepts an observation probability of 50%;
instead of 75%, L2 may permissibly be 20% lower.
Where the object is lighter than its background (nega-.
tive contrast), then if the contrast is not too great the
minimum value of Ly remains roughly the same. If the
angle at which the object is seen is four times greater
(28’ instead of 7’), then Lz may be on an average
about 30 %, lower. If the presentation time is made three
times longer (0.3 s instead of 0.1 s), the average
value of Ls may be about 40%; lower. (If the object is
presented for an even longer time, the condition of
‘constant adaptation is no longer fulfilled, and the
results found will therefore not be directly comparable
with ours [71) Finally, it can be seen from fig. 5 that the
influence of the contrast on the minimum value of Lz is
only significant when the contrasts are very small. At
contrasts of 20% or more the influence of C is also
relatively slight. If, for example, we take 259, instead
of 20% for the contrast of the critical object — a
substantial change considering the frequency at which
the various C values occur — Lg decreases by about
409%. ‘

It is clear from the foregoing that, as we have
assumed, the conclusions concerning the minimum
requirements which the lighting of a tunnel entrance
must fulfil in order to avoid the black-hole effect are
not greatly dependent on the choice of the critical
object. Our choice therefore seems to have been
justified. The practical consequences of the results
described will be dealt with at the end of this article.

Some investigators have assumed that, where glare occurs, the
decrease of the perceptibility of contrasts is due solely to the
scattering of light in the eye [81, This theory, however, does not
entirely explain the shape of the curves in fig. 5. The light scat-
tering will be proportional to L1, and the same must apply to the
decrease of the perceptibility. One would therefore expect to
find straight lines, with a slope of 45° in fig. 5. The lines in
fig. 5 are however by no means straight. This means that the
induction phenomena described here must involve adaptation
effects as well as scattered light. The nature of these effects '
cannot of course be deduced from our experiments.

No experiments with which the above-mentioned experiments
might directly be compared have been reported in the literature.
A certain analogy does exist, however, between the results
shown in fig. 5 and those of Schumacher 1 and Lythgoe [0,

Adaptation

When a driver has passed the adaptation point, the
sensitivity of his visual system is influenced by the
presence of the dark entrance to the tunnel. In the
introduction we have shown that the resultant pheno-
mena are to be divided into 1) a change in the state of
adaptation of particular parts of the retina (local
adaptation) and 2) a change of induction (general
adaptation). For a light-coloured fagade in particular,
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the adaptation point is not very far from the entrance,
so that these processes do not begin until the
driver is almost about to enter the tunnel.

The induction phenomena do not have a very pro-
nounced after-effect: general adaptation takes place

very rapidly. As far as this is concerned, a sudden

lowering of the level of luminance does not have too
adverse an effect on the visibility of objects. Local
adaptation, on the other hand, takes place slowly, as
we have seen, so that rapid local changes of luminance
leave after-images on the retina [111, As these disappear
slowly, and generally cover. large parts of the visual
field, they can seriously impair the visibility of the
road ahead. _

Our adaptation experiments were designed in such
a way as to allow special study of the second effect,
the disappearance of after-images. They were based on
the principle of the subjective appraisal of luminance
transitions. In all these experiments the luminance of
the visual field was varied, so that full account could
be taken of the influence of the variation of general
adaptation and that of the pupillary reflex. This means
that in fact the adaptation defect was measured. The
experiments were also arranged so that quantitative
requirements for the lighting of a tunnel entrance
could be derived directly from the results. Two
methods were adopted. In the first method a study
was made of the time taken — after a sudden sharp
decrease in the luminance of the visual field — for the
adaptation delay to decrease to an acceptable value,
or, in other words, how long it takes for the after-
images to disappear. The second method was designed
to study how quickly the luminance may decrease,
and what law it should follow, to avoid excessive
adaptation delay. In both cases the starting level for
the luminance was at least 8000 cd/m2, which is the
maximum value of luminance of practical importance
in the open.

In the experiments by the first method a screen of
about 6 square metres was uniformly illuminated to
produce a luminance of 8000 cd/m2. The screen was
observed from a distance of about 5m. After a pre-
adaptation time of about two minutes, at an instant
known to the observer, the luminance was reduced
within 10 ms to 13 cd/m2. The time was recorded that
elapsed from that instant to the instant at which the
observer reported that the after-images had decreased
to an acceptable degree. These after-images of course
covered a considerable part of the visual field. The
experiment was repeated ten times by each of ten
observers; the results are presented in fig. 6.

For the experiments by the second method the same
basic arrangement. was used. Now, however, the
observer himself was able to vary the luminance of the
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screen. The observer was instructed to reduce the
luminance as quickly as possible from 8000 cd/m?2 to
about 4 cd/m? without experiencing inconvenience
from after-images. This experiment was also repeated
ten times by each of ten observers, and in each experi-
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Fig. 6. Results of adaptation experiments. The time ¢ taken for
the after-images to decrease sufficiently is plotted against the
percentage p of cases in which ¢ was equal to or greater than the
ordinate value (cumulative frequency distribution). The full.
line curve relates to the experiments in which the luminance
was abruptly reduced from 8000 to 13 cd/m?2 (small circles
represent the experimental points). The dots are derived from
fig. 7 and relate to experiments in which the luminance was
gradually reduced from 8000 to 13 cd/m2.

ment the variation of screen luminance was recorded.
The luminance transition found to be acceptable in
75% of the observations is shown in fig. 7.

This figure also gives the result of the experiments
by the first method (point I). It can be seen that this
point lies close to the curve, even though in the one
case the luminance transition was abrupt and in the
second case gradual. Conversely, fig. 6 shows the

61 See: J. B. de Boer, Untersuchungen der Sehverhiltnisse bei
Tunneleinfahrten, Lichttechnik 15, 124-127, 1963, and also:
D. A. Schreuder, Contrast sensitivity in test field with bright
surround, J. Opt. Soc. Amer. 55, 729-731, 1965 (No. 6).

(71 See: R. O. Schumacher, Die Unterschiedsempfindlichkeit
des helladaptierten menschlichen Auges, Thesis, Berlin
Technische Hochschule 1942, and E. Kern, Der Bereich der
Unterschiedsempfindlichkeit des Auges bei festgehaltenem
Adaptationszustand, Z. Biol. 105, 237-245, 1952.

81 See: J. J. Vos, On the mechanism of glare, Thesis, Utrecht
1963. - :

91 See the Thesis in reference [7]. .

00} R. J. Lythgoe, The measurement of visual acuity, Sp.
Rep. Ser. Med. Res. Comm. 173, London 1932.

0111 A division of this nature into two processes, one fast and
one slow, was first made by J. F. Schouten (Thesis, Utrecht
1937, p. 16). See also: R. M. Boynton and N. D. Miller,
Visual performance under conditions of transient adaptation,
Mlum. Engng. 58, 541-550, 1963.
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Fig. 7. Results of the adaptation experiments by the second
method. The curve indicates how the luminance should decrease
so as to avoid inconvenience from after-images. Point / is derived
from fig. 6, and point 2 gives the result of experiments with
models. The distance scale relates to a speed of 72 km/h (i.e.
20 m per second).

results of the second series of experiments, this time
in the form of a cumulative frequency-distribution of
the adaptation times for a transition from 8000 to
13 cd/m2. Here too the agreement is striking. The
results of the adaptation experiment may be summar-
ized as follows.
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1) About 15 seconds is needed for a transition from
8000 cd/m2 to 13 c¢d/m?; these are the normal
values for the open road and for a well-lit tunnel
interior respectively. (In 15 seconds a driver tra-
velling at 72 km/h covers a distance of 300 m.)

2) The time ultimately required for adaptation depends
only on the initial and final levels of luminance,
and not on the variation of the luminance during
the transition.

Practical value of the experimental results: experiments
with models

The arrangement used for the adaptation experi-
ments just described, like that for the induction
experiments, differed considerably from a real tunnel.
1t is therefore reasonable to ask whether the unmodified
results are applicable to tunnel entrances. To clarify
this question we repeated some of the experiments,
using a model (scale 1/20) of the entrance zone of a
long tunnel; it is of course very difficult to carry out
such experiments on a true scale (121, The model is
shown in fig. 8, and the visual ficld of the observer in
fig. 9. The model was fitted with various lighting
systems for simulating the transition from the open
road to the tunnel. These transition lighting arrange-
ments could be presented to the observer in a random
sequence. In all experiments the initial luminance
outside the tunnel was 5000 cd/m? and the final level
in the interior of the tunnel was 10 cd/m2. The time
available for the transition could be varied between
3 and 2! seconds. On each occasion the observer had

Fig. 8. Arrangement for experiments with the model (scale 1/20). The observer rides on rails
below the road surface of the model. He can see the road by means of a periscope: the view
obtained is like that from the driving scat of a car (see fig. 9). The model of the tunnel entrance
is placed on the road. The lamps above it simulate daylight. The tunnel is on the extreme left.
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Fig. 9. Observer’s field of vision in experiments with the model.

to report whether or not he had been inconvenienced
by after-images. The results are summarized in fig. 10,
where the percentage of favourable answers is plotted
versus the time ¢ taken for the transition. The value of
t at which the percentage was 759 is also the abscissa
of point 2 in fig. 7; the ordinate of this point is the
final luminance level (10cd/m2) chosen for these
experiments. A comparison of the curve in fig. 7 with
points / and 2 shows there is reasonable agreement
between all results. Further confirmation of the vali-
dity of our results is to be found in experiments carried
out by Kabayama, which are discussed below.
Another question that needs to be considered is
what the adaptation behaviour will be when the initial
luminance is not 8000 cd/m2, but some other level.
This question can be answered from the results of
Kabayama’s experiments [13]. He used an arrangement
which broadly resembled the one we used for our
adaptation experiments by method 2 (see fig. 7). The
criterion was that the object to be observed should
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Fig. 10. Results of adaptation experiments with the model.
The number of times p (in %) that a transition from 5000 to
10 cd/m? was judged to be acceptable is plotted against the
time ¢ available for the transition. The value of r corresponding
to p = 759%, is the abscissa of point 2 of fig. 7.
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remain partly visible. His results are presented by
curves / to 6 in fig. 1/. These curves relate to the pre-
adaptation levels mentioned in the table and are all
based on the results of observations made by three
subjects. Curves 7 and 8 in this figure represent our
results. In fig. /2 the same results are repeated, but
now with the relative luminance as the ordinate; all
the curves begin at the same point. As can be seen,
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2 64
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Fig. 11. Permissible luminance curves at different pre-adaptation

levels (see table). Curves / to 6 give the results of experiments
by Kabayama [13) where the criterion was that an object should
remain partly visible. Curve 7 is the one from fig. 7 and curve §
is the one found by us for transition times judged to be accep-
table in 509 of the cases.
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Fig. 12. If the ordinate values of the curves in fig. |1 are reduced
to the same initial value, the curves obtained almost coincide.

['2] This arrangement is described in reference [3] and also by
J. J. Balder and D. A. Schreuder, Problems in tunnel light-
ing, Int. Lighting Rev. 10, 24-26, 1959.

H. Kabayama, Study on adaptive illumination for sudden
change of brightness (in Japanese with English summary),
J. Nlum. Engng. Inst. Japan 47, 488-496, 1963.

[13]
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Fig. 13. A road approaching and passing through a tunnel with the zones appropriate
to highway engineering (above) and lighting engineering (below). The luminance curve is

represented more accurately in fig. 14.

Kabayama’s curves and ours are all of the same form.
This indicates that the relative luminance curve does
not depend on the starting level of luminance, and
demonstrates the close agreement between our results
and those of Kabayama.

Practical considerations; the Coen tunnel

On the basis of the results given above, we shall now
examine how a lighting system for a tunnel entrance
should be arranged. In the first place, to avoid the
black-hole effect the Iuminance in the first part of the
tunnel should not be lower than about 107 of the level
outside the tunnel. We shall call this part of the tunnel
the threshold zone; see fig. 13. Since objects must be
visible at a distance of 60 to 100 m, the threshold zone
must extend 80 to 120 m beyond the adaptation point,
as there must also be about 20 m of illuminated road
surface to give a contrasting light background for the
objects. As the adaptation point is usually 30 or 40 m
in front of the tunnel entrance, the threshold zone
need not as a rule be longer than about 50 m. (To
avoid misunderstanding, it should be noted that from
now on we take the tunnel entrance to be at the point
where the luminance begins to decrease; in a tunnel
with daylight-screening grids this is the point where
the grids begin.)

. The threshold zone is followed by the transition
zone. This is the zone whére the luminance has to
decrease to the level in the interior of the tunnel. If the
driver can see about 100 m in front of him, he sees the
beginning of the transition zone as he passes the
adaptation point. i.e. at the moment from which
induction effects can be disregarded. The luminance

curve in the transition zone should therefore follow
that shown in fig. 7; and its starting point must
correspond to the outside luminance. Fig. /4 shows
the complete luminance curve for the four zones of
interest — the open road, the threshold zone, the
transition zone and the tunnel interior. At a speed
of 72 km/h, the use of such a luminance curve
avoids the difficulties of the black-hole effect and
of adaptation. As can be seen, the threshold and
transition zones taken together are a few hundred
metres long, although the luminance level chosen for
the interior is by no means low (a good 10 cd/m?).

From the lighting engineer’s point of view, it is not
important whether the desired luminance is obtained
with artificial light or in some other way. In most cases
the economically optimum solution proves to be
one in which the threshold zone and the first part of
the transition zone arelit by subdued daylight obtained
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Fig. 14. Luminance transition necessary at the entrance of a
tunnel so that a driver travelling at 72 km/h does not experi-
ence the black-hole effect or after-images.




1966, No. 3/4

LIGHTING OF TUNNEL ENTRANCES 85

g— Frannn Y

A-A

R R TR R R

é b o

20m

Fig. 15. Entrance area of the Coen tunnel under the North Sea Canal (after Griffioen [1°]),
@) Longitudinal section. &) Plan view. ¢) Two transverse cross-sections. A grid g is fitted at
approximately constant height above the road surface. The grid receives its light by way of

a gradually narrowing opening s.

through a diffusing screen or grid. The use of daylight-
screening has the further advantage that changes in
the illumination level outside the tunnel do not alter
the relative luminance vatiation. As we have seen
optimum visual conditions are then maintained.

Grids of this kind have to meet various requirements: we shall
mention the two most important ones. In the first place they must
be open, to let snow and rain through. In the second place, their
elements must be so designed that under no circumstances can

direct sunlight illuminate the road surface. To meet this require-

ment, and still achieve a light transmission of 10%, it is neces-

sary to use a highly reflecting material; this must not, of course,
give specular reflections (141,

The Coen tunnel

We shall conclude this article with a short description
of the entrance lighting of the Coen tunnel at present
under construction ['51. In broad lines, the luminance
transition in this tunnel will meet the requirements
discussed above. The construction adopted is illu-
strated in fig. /5. An aluminium grid begins about
150 m in front of the closed part of the tunnel ( fig. /6).
This grid, whose height above the roadway is approxi-
mately constant, receives its light by way of a gradually
narrowing opening at surface level. The transmission
of the grid itself is roughly 309. This construction
gives rise to a gradual decrease of road surface lumi-
nance. At the beginning of the closed part of the
tunnel extra lighting has been installed over a length
of about 70 m, producing a luminance of about
30 cd/m?2. In the interior of the tunnel the luminance
will be about 15cd/m2. The artificial lighting comes
from tubular fluorescent lamps whose luminous flux

Fig. 16. North entrance to the Coen tunnel, showing the over-
head grids.

is automatically adapted to the level outside the tunnel
by a thyristor circuit controlled by photoconductors.

Fig. 17 shows the proposed luminance curve (curve
). For comparison the figure includes the curve from
fig. 14, giving the luminance curve which our results
show to be desirable (curve 2) and also the results of
measurements in the Velsen tunnel (under the North
Sea Canal, opened in 1956; curve 3) and in the Rotter-

14 For further particulars see: D. A. Schreuder, Uber die
Beleuchtung von Verkehrstunneln, Lichttechnik 17, 145A-
149A, 1965 (No. 12).

5] See: A. Griffioen, De Coentunnel, 11I. De ventilatie en
verlichting, Ingenieur 75, B213-B224, 1963.
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dam tunnel (under the river Maas; opened in 1942;
curve 4). The measured curves have been shifted
horizontally with respect to curve 2 so as to produce the
best fit. As can be seen, the luminance curve proposed

104 cd/m?,
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for the Coen tunnel approximates closely to that of
fig. 14. A comparison of the situations for the three
tunnels shows clearly how traffic requirements have
resulted in lighting of a higher quality.

=100

Fig. 17. Luminance curve calculated for the Coen tunnel entrance (curve I). For comparison
the curve from fig. 14 (curve 2) is also shown, together with the measured luminance curves
for the Velsen and Rotterdam tunnels (curves 3 and 4 respectively).

Summary: A driver approaching an inadequately lit tunnel
entrance is at first inconvenienced solely by induction effects
(he sees the entrance as a black hole). After he has passed the
point where visual adaptation begins (the adaptation point)
his vision is impaired purely by adaptation effects, in particular
by after-images. Induction experiments in the laboratory have
shown that the black-hole effect is avoided when the luminance
Ls at the tunnel entrance is greater than 109 of the outside
luminance Li. This proportionality allows the use of overhead
grids for lighting the tunnel entrance by subdued daylight. The
inconvenience caused by after-images was investigated by
abruptly decreasing the luminance of a large screen and studying
the time taken for the effect of the after-images to decrease to

an acceptable level, and also by allowing observers to vary the
luminance themselves. The optimum luminance curve was
derived from these experiments. The time required for adaptation
with an initial luminance level of 8000 cd/m2 and a final level of
13 cd/m2 proves to be roughly 15 sec (corresponding to 300 m
at a driving speed of 72 km/h (45 m.p.h.). Experiments with
models have confirmed the results. If the adaptation’ point is
50 m in front of the entrance and Lj = 8000 cd/m2, there must
be a 50 m zone in the tunnel where Lz s 1000 cd/m2. This
should be followed by a transition zone where La decreases in
accordance with the experimental curve, with L; as initial
value (by extrapolation). These requirements are largely met
by the lighting planned for the Coen tunnel near Amsterdam.
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Microfractography of thin films

J. M. Nieuwenhuizen and H. B. Haanstra

620.187.5

’

The special structure of evaporated thin films, which‘c'zre of particular interest to the elec-
tronics industry at the present time, has given rise to the concept of a fourth state
of aggregation of the material. A surprisingly direct insight into this state has now been
obtained from “fractographs” — photographs of fracture surfaces — which have been
made, by means of the electron microscope, for aluminium films about 1 micron thick.

Thin films of materials of various kinds show effects
and properties which do not appear, or are much less
pronounced, in the bulk material. Thin films are there-
fore the subject of intensive investigation, and their
properties have led to important applications. For
several decades they have been used for example as
getters in thermionic valves, and for coating glass
surfaces to give them particular reflecting (or non-
reflecting) properties. More recently, thin films have
found application in electronic circuit components,
especially for digital techniques (1], and the possi-
bilities offered by thin film components in integrated
circuits are of considerable practical importance.

The thin films concerned are generally produced by
evaporation on to a substrate or carrier in-a vacuum,
and their thickness may be anywhere between a few to
many thousands of atoms. In the latter case the thick-
ness of the film may be of the order of 1 micron. These
relatively thick films can sometimes be given consid-
erably different characteristics if in the evaporation
process the molecular beam is directed not vertically
upon the substrate but more or less obliguely. Obliquely
deposited films of semiconductors such as silicon,
gallium arsenide or tellurium, show a very marked
photovoltaic effect, which is virtually absent in verti-
cally deposited films. Obliquely deposited films of
some substances are dichroic, vertically deposited
films of the same substances are not. In obliquely
deposited magnetic layers, for example of permalloy
(80Ni20Fe), a strong magnetic anisotropy may occur,
in which' — at least if the angle of incidence is not
made too great — the preferred direction of magnet-
ization is perpendicular to the plane of incidence of
the atomic beam. The magnitude of the mechanical

J. M. Nieuwenhuizen and H. B. Haanstra are with Philips Research
Laboratories, Eindhoven.

stresses (if any) may also depend on the angle from
which the film is evaporated [2],

All these differences can only be explained on the
assumption that for different evaporation angles films
of different structure are formed. It has now proved
possible to make these differences in structure directly
visible with the electron microscope. In the following
we shall briefly describe the procedure and show some
results.

For “thin” thin films, where the processes of interest
are nucleation and the growing together of islands of
the evaporated material to form an unbroken coating,
the electron microscope has previously been employed
with success as a research tool 1. In this case the films
themselves are placed as specimens in the electron
beam of the microscope. The “thick” thin films with
which we are concerned here, however, are not suffi-
ciently transparent to electrons. As with bulk metals,
only the surface can be made accessible to electron-
microscopic investigation, viz. by making a transpar-
ent replica. Conclusions about the internal structure
of the film can then only be drawn in so far as this
structure appears in relief on the surface.

This information is very limited and inadequate,

(11 See W. Nijenhuis and H. van de Weg, Developments in the
field of electronic computers during the last decade, Philips
tech. Rev. 26, 67-80, 1965.

(21 On the photovoltaic effect, see: B. Goldstein and L. Pensak,
J. appl. Phys. 30, 155, 1959; E. I. Adirovich, V. M. Rubinov
and Yu. M. Yuabov, Sov. Phys. Solid State 6, 2540, 1965
(No. 10). :
On dichroism: A.Kundt, Ann. Physik u. Chemie 27, 59, 1886.
For magnetic anisotropy: D. O. Smith, M. S. Cohen and
G. P. Weiss, J. appl. Phys. 31, 1755, 1960. ] :
For mechanical stresses: J. D. Finegan and R. W. Hoffman,
J. appl. Phys. 30, 597, 1959. )

31 G. A. Bassett, J. W. Menter and D. W. Pashley, in: Struc-

~ ture and properties of thin films, Proc. int. Conf. Bolton

Landing, New York 1959, page 11; J. van de Waterbeemd,
Physics Letters 16, 97,1965 (No. 2); J. van de Waterbeemd,
Philips Res. Repts. 21, 27, 1966 (No. 1).
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and we therefore looked for a technique in which a
cross-section of the film could also be reproduced in
the replica.

It is not sufficient just to break ofl a piece of substrate with
its film, for if a replica of such a piece is made that extends over
the surface and the fracture face, the part in which we are in-
terested is to be found at the edges of the replica, which usually
curl up and are not so suitable for good observations. This can
be avoided by applying an intermediate film which is afterwards
dissolved [4], but the finest details are then likely to be less distinct,
and there is the possibility that spurious details may be intro-
duced by the structure of the intermediate layer.

PHILIPS TECHNICAL REVIEW

Fig. 1. When the surface of a thin film is scratched with the point of a razor blade, a fairly
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Etching away parts of the film before making the replica did
not produce useful results either, the transition from the original
surface to the substrate was then too gradual; cross-sections
of the layer providing clear information about the internal
structure are not obtained in this way.

A method that did produce useful results was to
make a scratch in the thin film with the point of a
razor blade. On each side of the scratch the film
crumbles away here and there; fragments of the film be-
come detached from the substrate, and the piece of
film that remains shows a well-defined fracture surface,
extending from the surface of the film to the substrate.

clean fracture surface b is obtained at some places. A continuous replica can now be made
of the film surface /, the fracture surface and the exposed surface s of the substrate. The

Fig. 2. Electron-micrograph of a replica of an aluminium film
about ! micron thick, obtained by the method described. The
picture of the (racture surface shows that the aluminium film is

step-like replica can be detached without damaging it.

built up from parallel crystal columns, inclined at a certain angle.
It was verified from stereomicrographs made of all the speci-
mens that the replica had retained the form illustrated in fig. I,
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At such places carbon can be deposited in the usual
way to make a replica. A continuous replica is then
obtained of the surface of the film, the fracture sur-
face and the exposed surface of the substrate; see fig. 1.
A difficulty with such a replica, which contains a
kind of step with two sharp bends, is that the sharp
edges easily break, and to prevent this from happening
the carbon layer is removed extremely slowly. In this
investigation we worked mainly with thin films of
aluminium evaporated on glass at room temperature.
The aluminium film under the replica can be removed
by dissolving it in very dilute hydrofluoric acid (0.05 %,
- HF in water); the replica then comes away from the
glass at the same time. The dissolving process may in
some cases last a whole week, but the result is that the
replica remains intact [5],

Electron-photomicrographs of such replicas now
give clear pictures of the fracture surface of a thin
film. A “microfractograph” of this type is shown in
fig. 2. The step in the replica is clearly visible (although
the edge of the step was not straight here, as in normal
steps, but a zigzag line). The micrograph shows that
the film is built up from columnar crystals, with par-
allel longitudinal axes inclined at a certain angle to
the normal to the substrate. To learn more about this
angle, which we shall call ¢y and which is obviously of
importance in the structure of the film, we made use
of the following procedure.

It is usual to make the relief structure of electron-
microscopic specimens more visible by shadowing,
that is to say by evaporating a heavy metal such as
platinum on to the specimen from an oblique angle:
at places where no platinum atoms have been deposited,
the electrons in the beam pass through the specimen
with relatively little scattering, and at such places the
micrograph shows a high density. We carry out this
shadowing procedure for our evaporated thin films
in the same vacuum vessel in which the films were
produced, and we evaporate the Pt atoms on to the
scratched aluminium film from exactly the same angle
(in fact from the same source location) as used for the
Al atoms of the substrate, moreover making sure that
when the film is scratched [6] the position of the sub-
strate in the vacuum vessel is not changed. The length
of the resultant Pt shadow thus as it were marks the
angle @, from which the aluminium is evaporated on
to the substrate.

M R. Ya. Berlaga and M. L Rudenok Sov Phys Solld State
3, 458, 1961.

8] Mrs. J Andreas-Bosduk did a large part of the ‘experimental
work for the development of this techmque

(8] The reader will notice that the shadowing is done before the

" carbon replica is made. When the carbon layer is detached,
the deposited Pt atoms adhere to it.

{71 Our attentionwas drawn to this by Drs G. W.van Oosterhout.
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It follows immediately from the fact that the Pt
shadow in the photograph in fig. 2 does not have zero
length that the columnar crystals of the layer have not
grown exactly in the direction of the incident alumi-
nium atoms (see fig. 3): they are more upright (gx
< @a). The columns are however always in the plane
of incidence of the Al atoms; we have been able to

Al P

Pt

Fig. 3. The columns of the film are at an angle @i to the normal
to the substrate. This angle proves to be smaller than the angle
@a at which the beam of aluminium atoms (and the beam of
platinum atoms in the shadowing process) is incident on the
film. The columns are however in the plane of incidence of
the atoms. The length of the Pt shadow is a minus &.

establish this in experiments with five different angles
of incidence, up to about 80°. The angle gx is easily
calculated from the known ¢, and the lengths k and a
indicated in fig. 3, which can be measured on the
micrograph. The values thus found are plotted in
fig. 4 against ¢,. The relationship can be represented
very well by the equation [71:

tan @, = 2 tan gx.

90°

60°

0° 1 1 | T 1 1

0° 30° 60°

9%

90°

Fig. 4. Relationship found experimentally between the angles
@a and @y of the direction of evaporation and the orientation
of the columns. The relation is given to a very good: approxi-
mation by the curve shown which represents the equation:
tan @ = 2 tan @x. .
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Fig. 5 shows another clear micrograph of a fracture
surface. These and similar micrographs show details
in the columns that provide some foundation for a
probable explanation of the mechanism underlying
the growth of the columns; we shall not, however, go

f—————-
7;.tm
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experiment, incidentally, provides conclusive proof
that the columnar structure in micrographs such as
those in figs. 2 and 5 cannot be a result of the method
of preparation itself — a possibility that could not a
priori be excluded.) To obtain a pronounced picture

Fig. 5. A particularly detailed fractograph obtained by the method described.

into this subject here [8l. Finally, fig. 6 shows the
fracture surface of a composite film, built up by suc-
cessive evaporation of aluminium from swo directions.
In the second part of the film the columns are accord-
ingly inclined in a different direction, giving the
cross-section a kind of herringbone structure. (This

of the herringbone structure, the second layer must be
given the chance to nucleate independently, e.g. on
an amorphous oxide layer, produced by admitting air
for & moment into the vacuum vessel between the two
evaporation processes. If this is not done, the columns
do not abruptly change their direction of growth, and
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Fig. 6. Fractograph of a film grown by the successive evaporation of aluminium from rwo
directions. Air was admitted into the vacuum vessel between the two evaporation processes.

the change in the fracture surface is brought out much
less distinctly.

The information supplied by the structure patterns
obtained in the fractographs takes us a stage nearer
to an explanation of the relationship, which we
mentioned at the beginning of this article, between
various properties of thin films and the direction from

81 See: C. Kooy and J. M. Nieuwenhuizen, Structural effects
in thin films observed by electron microscopy of the film
cross-section, shortly to be published in Proc. Coll. on basic
problems of the physics of thin films, Clausthal 1965.

which the films are evaporated. This information can
moreover contribute towards a better technological
control of evaporated films.

Summary. The characteristics of some evaporated thin films
depend to a marked extent on the angle at which the atoms
arrive at the substrate. Replicas of fracture surfaces of relatively
thick films of aluminium (thickness approx. 1 micron) have
been made successfully by means of a simple technique. Photo-
graphs of these taken with the electron microscope show clear
pictures of the cross-section of such a film. From these “frac-
tographs™ conclusions can be drawn concerning the structure of
the films and the way in which the structure is influenced by the
evaporation angle.
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An automatic exposure control system
for X-ray diagnostics

H. Elgstrom and E. Zieler

621.386.8

X-ray technology has always been a field of application for the results of many other
branches of knowledge — medicine, physics, optics and even mechanical engineering.
Nowadays, electronic engineering as well makes many contributions to developments in
the X-ray field. The automatic exposure control system described here illustrates the
interplay between physical considerations and electronic circuit techniques.

The reasons for automatic exposure control

In nearly all branches of engineering increasing use is
being made of automation. This is not always dictated
by purely economic considerations; the elimination of
human errors, liberation from dull routine tasks and
the greater constancy of results are often put forward
as arguments for automation. The same arguments
applied in the development of an automatic exposure
control system for X-ray diagnostics. Automatic
exposure control, then, is required: a) to improve the
average quality of the radiographs, and b) to simplify
the operation of the X-ray equipment.

The ideas underlying automatic exposure control are
not new. They were put forward at Messrs. C. H. F.
Miiller as long ago as 1929 (by H. Franke), and patents
were taken out[l], but it was twenty years before com-
ponents became available that were sufficiently ad-
vanced for use in reliable automatic exposure timers.
For the last ten years or so, instruments of various
proprietary makes have been marketed [2], and in
recent years, owing to certain refinements, and in
particular to the achievement of very short switching
times, the automatic exposure timer has found fairly
wide application. In the following we shall describe the

“Amplimat” system, developed by Messrs. C. H. F.

Muiiller [31,

First, it will be useful to examine the conditions to be
fulfilled to obtain a good radiograph. The film, as in
ordinary black-and-white photography, has to be
exposed to. a certain quantity of radiation (the product
of intensity and time). The choice of this exposure,
however, is much more critical than in ordinary photo-
graphy, firstly because there is here no printing process
that can compensate for errors in the original exposure,
and secondly because the film used for radiography
(it is coated with emulsion on both sides), in combi-

H. Elgstrém and Dr. E. Zieler are with C. H. F. Miiller GmbH,
Hamburg.

nation with intensifying screens, hasa much steepertonal
gradation than standard photographic films. Fig. I
shows the density (blackening) of an X-ray film and
that of an amateur film as a function of the logarithm
of the exposure. For an amateur film the tonal grada-
tion y is less than 1, while for an X-ray film y is about 3.
The higher ¢ of the X-ray film is needed because
the anatomical details to be made visible in a radio-
graph often produce only very slight differences of
intensity in the radiation pattern. As a result of this
steeper tonal gradation the exposure is no longer within
the useful part of the characteristic curve (between the
dashed lines in fig. 1) if it deviates as little as 409 from
the average value.

In radiography the exposure is adjusted at the
radiation source. There are three variables available for
this adjustment; these are a) the voltage on the X-ray
tube, b) the current through the X-ray tube, and c) the
exposure time; and these have to be selected for each
exposure. The voltage governs the contrast of the X-ray
image and is therefore primarily chosen so that the
contrast is suitable for the clinical subject under
investigation. This leaves the tube current and the
exposure time; the quantity of radiation is proportional
to each of these and their choice should result in the
desired film density. For every type of radiograph and
the appropriate tube voltage 1t is necessary to determine
from experience, and by estimating the body thickness
of the subject, what the- milliampere-second product
should be. As the density of the object can vary con-
siderably, incorrect exposufes can occur. How serious
the errors can be is illustrated in fig. 2. This shows, as
a function of body thickness, the mAs product that was
required to obtain a chest radiograph of the same
average density at the film for a large number of
patients. The dashed line gives the values from an
exposure table, based on experience with average cases. ‘
It can be seen from the points that for a thickness of




1966,.No. 3/4

0 I 1 1 ! L 1
005 o1 025 05 10 25 50 700

Fig. 1. Film density S as a function of exposure B (intensity
X time). The exposure latitude of an X-ray film (X) is very much
smaller than that of a normal photographic film (4).

20 cm the correct exposure value may lie between 12
and 45 mAs, or, for a thickness of 25 cm, between 16
and 70 mAs. Thus, if the radiographs are taken using
the data from the exposuie table, the exposure for
many of the radiographs will be quite wrong. This
demonstrates the advantage of automatic exposure
control, which replaces the uncertainty of an estimate
by an objective measurement.

General arrangement of the Amplimat

The general arrangement of our automatic exposure
control system is illustrated in fig. 3. It comprises an
ionization chamber, which acts as radiation detector,
an electronic section, consisting of amplifiers and
power-supply, and, on the left, a mains switch for the
high-tension transformer in the X-ray generator. It is
now current practice to incorporate the circuits for
operating the Amplimat, which will be discussed
presently, in the X-ray generator control panel.

The detector in the Amplimat is located between the
patient and the film cassette. In principle the detector
could also be located behind the cassette; this arrange-
ment is used in some exposure timers. Our choice was
largely dictated by the following considerations:

1) As the X-rays are considerably attenuated by the
cassette with film and intensifying screens, a much
more sensitive amplifier is needed when the detector
is behind the cassette.

200 mAs

o1 1 | ; ! ] ! !
16 20 24 28
—» D .

|
32cm

Fig. 2. Spread in values of mAs product that were required to
obtain identical density on a large number of chest exposures
on patients of different body thickness D. After Stieve {1,

2) The attenuation of the X-rays by the intensifying
screens depends to a great extent on the radiation
quality, and therefore, if the detector is behind the
cassette, the sensitivity needs to be corrected to suit
the selected tube voltage. Such a correction is fairly
difficult to achieve.

3) Our arrangement is not affected by details of
cassette construction (the material of the cover,
whether or not the cover contains lead, or by the
presence of any of the various types of spring clip).

The detector placed in the radiation in front of the
cassette (and, of course, so designed that it gives no

{11 DRP 574 441 of 10.3.1929. See also: H. Franke, Ionimetrische
Bestimmung optimaler Belichtungszeiten, Congress issue of
Fortschr. Rontgenstr. 40, 99-100, 1929; Der Belichtungs-
automat, 1. Congress issue Fortschr. Réntgenstr. 42, 153-154,
1930.

(21 K. Bischoff, Der Iontomat, ein neuer Belichtungsautomat fiir
Rontgenaufnahmen, Fortschr. Rontgenstr. 71, 994-1002,1949.
M. Fourlon, Les appareils photo-électriques pour la déter-
minzation des temps de pose, J. Radiol. Electrol. 33, 39-42,
1952. .

P. C. Hodges, Photoelectric timing in general radiography,
Acta radiol. Suppl. No. 116, 605-612, 1954,

Th. Lohmann, Ein neuer Belichtungsautomat fiir die Lungen-
Diagnostik, Rontgenblitter 7, 259-267, 1954.

F. E. Stieve, Untersuchungen iiber das Wirkungsprinzip von
Belichtungsautomaten fiir Rontgenaufnahmen, Fortschr.
Rontgenstr. 85, 491-510, 1956.

81 E. Zieler, Der Amplimat, ein Belichtungsautomat fiir allge-
meine Réntgenographie, Fortschr. Rontgenstr. 86, 382-393,
1957.

1 F, E. Stieve, Belichtungsautomaten in der Praxis, Rontgen-
blatter 9, 325-333 and 363-372, 1956.
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shadow. in the X-ray image, see below) measures the
radiation “dose” 5] that emerges from the patient
during the exposure. This dose governs the photo-
graphic density of the film. By means of a density
selector the apparatus can be set to the dose that will
give ‘the film the appropriate density: as soon as the
dose reaches this pre-set value, the automatic exposure
control disconnects the high-tension generator from the
mains. Control of the exposure time is thus achieved,
and this quantity no longer has to be pre-set on the
X-ray unit. The tube voltage and tube current, however,
still have to be chosen. The consequences of introducing
automatic exposure control for the selection of these
variables will be discussed under the next heading.

Gen
—
l l

—_—— Aut
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the maximum permissible value. _
Now, with automatic exposure control, the exposure
time is not known beforehand, and the optimum load
on the X-ray tube cannot be preset. If a very high
current is chosen, as required for a short exposure, it
may well happen that during the time which the load
characteristic of fig. 4 shows to be permissible, the dose
required to produce the correct film density is not
reached; the exposure will then be terminated by the
operation of the safety device, which switches off the
tube, and the result will be an under-exposed film. If a
much lower current, permissible for a longer time, is
selected, radiographs of the correct density are
obtained, but the exposure time will be longer, and the

(e ™4

Fig. 3. Arrangement for radiography using the “Amplimat” automatic exposure control
system. Gen X-ray generator. X X-ray tube. O detector (ionization chamber). Aut electronic
section of automatic exposure control system. K cassette with film F and intensifying fluorescent

screens f1/2.

Loading the X-ray tube

The living subjects with which diagnostic radio-
graphy is concerned have to be exposed to the X-rays
for as short a time as possible if movement blur on the
film is to be kept to a minimum. The beating of the
heart can give rise to movements of the organs in.the
thorax: according to Berger [€), these can have veloci-
ties as high as 400 mm/s. As short an exposure as
possible necessitates the highest possible loading of the
X-ray tube. In principle the maximum permissible load
is limited by the temperature at the focus. This tem-
perature rises during the exposure, at a rate that
increases with the loading. This results in a relation
between the permissible load on the tube and the
exposure time, the load characteristic, which is shown
in fig. 4. For any given exposure time the characteristic
indicates the maximum power that may be used with-
out the final temperature of the focal spot exceeding

movement blur in the X-ray image will be greater than
is strictly necessary.

These disadvantages are avoided by a method
proposed by Bouwers at the Philips Research Labor-
atories, Eindhoven, as long ago as 1933 {71, The
principle of this method is a gradual decrease of the
load during the exposure. The exposure begins with
the maximum available power (i.e. the highest current
that can be used at the pre-selected voltage), so that the
focus very quickly reaches its maximum permissible
temperature ( fig. 5). The current is then gradually
reduced by an automatic device in such a way that the
temperature at the focus remains approximately
constant. The tube is now fully utilized all the time, no
matter how long it takes before the exposure timer cuts
out, and the exposure time is minimized in each case.
This does away with the need to set the current, and all
that need be done is to pre-select the tube voltage
(single-knob operation).
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Philips and C. H. F. Miiller have'already applied such a method
of load control for their X-ray diagnostic units in the thirties. It
was first used, in a somewhat imperfect form, in the SUPER D,
and later a technically more satisfactory version was used in the
MAXIMUS D. Since it involves the use of more equipment,
however, this loading method failed to gain a foothold in con-
ventional radiography with pre-selected mAs settings. The merits
of the method only appear to full advantage when used with
automatic exposure control.
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Fig. 4. Load characteristic of a diagnostic X-ray tube: the
permissible (constant) load N is plotted against exposure time 7.
The lower graph shows the temperature 9 at the focus, for two
loads N1 and N, asa function of time 7. The maximum permissible
temperature 9max is reached exactly at the end of the respective
exposure times T3 and To.

Physical processes in the ionization chamber

The measurement of the X-radiation may be based
on the ionizing action of the rays or on the generation
of fluorescent light. In the latter case a fluorescent
screen is used in conjunction with a photomultiplier
tube. The photocurrent charges a capacitor, and the
accumulated charge is a measure of the X-ray dose.
This method is efficient in those cases where visible
light is produced, and is therefore widely used, for
example, in fluorography.

For general X-ray diagnostic work, however, the
method based on ionization has considerable advan-
tages. This method allows the use of relatively simple
detectors, which can be placed in front of the cassette
(we have already explained why we think this to be
desirable). Moreover, the detector can be adapted
simply and inexpensively to the medical requirements.

AUTOMATIC EXPOSURE FOR X-RAY DIAGNOSTICS : 95

Another noteworthy feature is that the ion charge in
the chamber always contributes in equal measure to the
output signal irrespective of the part of the image where
it was generated. In detectors for fluorescent radiation
this condition is never exactly fulfilled, since the
conduction of the fluorescent light to the photocathode

~
)

=t

~~

b —»t

0[7)0)(

e 1

Fig. 5. Exposure with diminishing load. For all exposures the
load N on the X-ray tube begins at the maximum available
current and then decreases with the same function of time &.
Because of the very high initial load the temperature at the focus
very quickly reaches the permissible value $max, and then remains
roughly constant.

always entails losses, depending on the path of the light.
In the development of the Amplimat these consider-
ations led us to adopt the ionization method.

In its simplest form the ionization chamber consists
of two parallel plate electrodes with a gas-space
between them. A d.c. voltage, the chamber voltage, is
applied across the electrodes. When X-radiation is
incident on the chamber, some of the X-ray quanta are
absorbed in the electrode material and in the gas. Each
absorbed quantum releases an electron from its atomic
bond and imparts considerable energy to it; this

8 For brevity we shall use the term “dose” in this article to
refer to the quantity of radiation, although it is not a dose
that can be expressed in rdntgens (see page 96).

(6] A. Berger, Zum Problem der Bewegungsunschirfe im
Rontgenbild der Lunge und des Herzens, Rontgenblitter 14,
369-380, 1961.

73 A. Bouwers, Verkiirzung der Aufnahmezeit durch eine neue
Belastungsmethode, Fortschr. Réntgenstr. 47, 703-706, 1933.
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electron in its turn produces a large number of ion
pairs in the gas. If the chamber is filled with air at
normal pressure and temperature, and if the electrodes
consist of a material equivalent to air (e.g. graphite),
then one rontgen produces, by definition [8], 2.1 x 109
jon pairs per cm3. The chamber voltage sets up an
electric field in the ionization space, and under the
influence of this field the ions travel to the electrodes.
The voltage is made high enough for all the ions to
reach the electrode (saturation current, see page 97).
It follows from the number of ion pairs mentioned that

in a chamber as described above, and with an ion-

ization volume of 1 cm3, a saturation current of
3.3x 10719 A corresponds to a dose rate of 1 R per
second. ’

Since the doses required for radiographs made with
intensifying screens range from about 0.5 to 1 mR, the
ionization currents are extremely small and therefore a
highly sensitive d.c. amplifier has to be used. To keep
the amplifier as simple as possible, every attempt is
made to influence the ionization processes in such a
way that the highest possible ion current is obtained.
The design of the chamber offers various ways of
achieving this. -

To begin with, there is the electrode material: for
this we use a metal, that is to say a material of relatively
high atomic number. The electrons released from the
metal by the absorption of X-ray quanta give rise to
considerably stronger ionization of the gas than that
caused by electrons from air-equivalent walls. It is true
that the amplification factor for the ionization current
now depends on the energy of the X-ray quanta
absorbed (and therefore on the X-ray tube voltage),
so that an ionization chamber of this kind is not suitable
for measuring radiation in rontgens. In our case, how-
ever, this is an advantage rather than a disadvantage.
Since the usual  material for fluorescent intensifying
screens is CaWQ,, i.e. a material of high atomic
number, the energy-dependence given to the ionization
current by the use of metal chamber walls is rather like
the energy-dependence of the quantity of light gener-

“ated in the intensifying screens. This means that, for a
given dose, the signal delivered by the detector, while
dependent on the X-ray tube voltage, depends on it in
much the same way as the quantity of light generated
at the film. '

To increase the ionization current, it is also desirable
to use a large chamber volume, and a gas of high atomic
-number, at a high pressure. For simplicity, however, the
gas we use is air at atmospheric pressuie.-As regards the
volume, it will be seen later (page 97) that the surface
area of the chamber is determined by the situation
during the exposure, so that a change of volume is
possible only by changing the distance between the
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electrodes. Fig. 6 shows the effect which this has on the
ionization current. With air-equivalent electrodes the
ionization current varies linearly with the spacing, as
shown by a; the curves b represent the ionization cur-
rent variation for three copper electrodes of different
thicknesses. The shape of these curves can be explained

" as follows. For the left hand part of the curves the

electrode spacing is smaller than the range of the photo-
electrons and Compton electrons emitted by the copper
electrodes. The electrons have not yet entirely used up
their kinetic energy for ionization when they strike the
opposite wall of the chamber. The bend in the curves

_ represents the situation where the electrons have just

reached this wall. If the electrode spacing is further
increased, the electrons released from the wall can no
longer increase the ionization current, so that any
further rise of current is due entirely to electrons
liberated in the air itself. The electrode spacing at which
the bend in curves b occurs depends on the energy of
the electrons released in the wall, and therefore also on
the energy of the X-ray quanta which these electrons
liberate.

—_—

I 1
10 20 mm

—-d

Fig. 6. Effect of inter-electrode distance d on the ionization cur-
rent / of an ionization chamber (schematic). The straight line a
relates to air-equivalent electrodes, the three curves b to copper
electrodes of different thickness.

This effect of the electrode spacing provides a means
of matching the variation of chamber sensitivity with
tube voltage more exactly to the voltage-dependence of
the intensifying screens. Another means to this end is
the choice of the type and thickness of the electrode
material. Fig. 7 shows a few examples of how this
affects the relation between the ionization current and
the voltage on the X-ray tube, at constant dose rate.
At low voltages the absorption of the electrons in the
metal predominates, since the energy of the electrons -
is low. When the voltage is raised, more and more
electrons can be released from deeper layers into the -
gas space, but the absorption of the X-rays in the metal
layer decreases. There is therefore a maximum in the .~
medium voltage range, and it is evident that the height
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Fig. 7. Tonization current i as a function of X-ray tube voltage,
for electrodes of different metals and different thickness. (The
extremely thin metal layers are applied to sheet plastic.)

and situation of the maximum must depend on the
material and its thickness.

The foregoing shows how the voltage-dependence of
the ionization chamber can be matched to that of the
intensifying screen in such a way that for any given
combination of film and screens, the automatic expo-
sure control always produces uniformly dense radio-
graphs. The results obtained with a fine-grained cal-
cium-tungstate screen are shown in fig. 8 (%1, It can be
seen that the constancy of the photographic density is
sufficient for practical purposes.

If they remain for a longer time in the gas space, ions of

opposite sign will neutralize each other. The probability that an
ion will reach an electrode will be greater if it has a higher

16
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Fig. 8. Density S plotted against tube voltage for radiographs of
_ a given object, using a fine-grained calcium-tungstate intensifying
screen and the Amplimat. The fact that § is fairly constant
indicates that the wavelength-dependence of the ionization
" chamber has been well matched to that of the intensifying screen
used. .

N.Y. PHILIPS GLUH[AMPENFABRIEKEN

velocity in the gas space, i.e. if the field strength in the ionization
chamber is greater. It follows from this that the ionization
current depends on the chamber voltage. If the voltage is
sufficiently high, all the ions reach the electrodes and the current
reaches its saturation value. For automatic exposure control,
however, it is not enough that practically all the ions formed
should reach the electrodes; it is also important that their transit
time should be small compared with the time available for the
detection process. It will be shown below that, for the shortest
exposure which the Amplimat is required to control, the switching
off signal has to be given not more than about 2 ms after the
beginning of the exposure. The maximum transit time of the ions
must therefore be.a great deal shorter if there is to be no per-’
ceptible error of measurement at these exposure times. To meet
this requirement the chamber must be operated well above the

- voltage reduired for saturation, so that from now on we can

neglect the influence of the chamber voltage on the 1omzat10n
current

Design of the ionization chamber

The location of the ionization chamber (see fig. 3)
imposes the following requirements on the design:

a) The absorbed part of the X-radiation should be as
small as possible, as this can now make no contrib-
ution at the film and the dose received by the patient
must be increased correspondingly.

b) The chamber should contain no components likely
to cause undesired shadows in the X-ray image.
The chamber should therefore be larger than the
largest size of film used, otherwise the edge of the
ionization chamber will show up on the radiograph.

¢) The chamber should be as thin as possible, other-
wise, because of the finite dimensions of the X-ray
focus, the increased distance required between
patient and film leads to poorer definition .on the
radiograph.

These requirements indicated the use of a thin
chamber of large area. Reduction of the chamber
thickness (requirement c) is limited by the effect,
described above, of the thickness on the voltage-
dependence (through the range of the electrons). We
chose a thickness of 16 mm; see the photograph of the
ionization chamber in fig. 9. This value is a good
practical compromise, as at a tube voltage of about
150 kV (the maximum voltage for present-day di-
agnostic-type generators), the electrons released from
the electrodes can have a range of 14 to 15 mm in air.

Itis not self-evident that the entire chamber thickness
will be available for the electron paths. The signal
electrode, or collector, which accumulates the charge to

(8] See J. Hesselink and K. Reinsma, Dosemeters for X-radiation,
Philips tech. Rev. 23, 55-66, 1961/62, where various important
concepts of dosimetry are defined.

01 E. Zieler, Untersuchungen zur Belichtungsautomatik unter
besonderer Beriicksichtigung des Amplimat, Fortschr.
Rontgenstr. 88, 718-731, 1958.

0. Schott, Erfahrungen mit dem Belichtungsautomaten,
Rontgen- und Laboratoriumspraxis 10, 131-139, 1957. .
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Fig. 9. Amplimat ionization chamber, with three measurement
fields.

be applied to the amplifier input, cannot be placed close
to the chamber wall: in such a position the screening
which is always necessary would make the electrode
capacitance to earth so high that the collected charge
would no longer be sufficient to produce readily
measurable potential differences. The collector elec-
trode is therefore situated in the centre plane of the
chamber, and the chamber voltage is applied between
the collector electrode and two interconnected elec-
trodes placed symmetrically against the walls. The
capacitance of these electrodes to earth does not affect
the measurements. In order to enable electrons to travel
distances equal to the complete chamber thickness, not-
withstanding this electrode arrangement, a number of
holes are provided in the collector electrode. The
photo-electrons and Compton electrons can thus ionize
the gas in both halves of the chamber and not only in
the half where they were liberated. The fact that the
electrons now have to travel part of the time against the
direction of the field that attracts the ions is immaterial
in view of their high energy.

From requirement (b) it follows that the X-radiation
should not be measured over the entire surface of the
ionization chamber. Obviously, for relatively small
objects, such as the neck and the skull for example,
unattenuated radiation that has passed by the patient
would be incident on the chamber, and the automatic
exposure control would switch off the tube voltage
before the film had received the necessary dose at the
location corresponding to the object. The radiation is
therefore measured only at a specific part of the
chamber surface. This measurement field, as it is called,
must not on the other hand be too small, since the
quantity measured should correspond to a certain
average density of the part of interest of the film, and
should not be influenced by the fortuitous distribution
of small details. In our opinion a measurement field of
about 50 ¢cm? is a useful compromise.

The location of the measurement field is of consider-
able practical importance. The Amplimat was the first
instrument that made use of the three-field principle
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(see fig. 9), which was soon taken up by other manu-
facturers. It is evident that for most applications a
centrally situated field alone is sufficient, since the
image of the radiographed object is arranged to be at
the centre of the film. But there are also dual organs
which are situated symmetrically in the body, such as
the kidneys and the lungs. For normal chest radio-
graphs a central field is unsuitable, since it would
measure the dose at the location of the heart shadow,
where the film density is of no interest. Two symmetric-
ally disposed fields give the ideal arrangement for this
type of radiograph, each field covering the centre of one
lung, as shown in fig. /0. The measurement fields can
be switched in separately or in arbitrary combinations.

ws

=

7

i ‘?"o "

Fig. 10. Location of the measurement fields for an X-ray photo-
graph of the chest. The centre field is not in use.

This facility is particularly useful, for example, when
taking a chest radiograph of a patient for whom one
lung only exhibits strong pathological absorptions, or
for chest exposures taken from the side.

Fig. 11 shows a partly cut-open view of an ionization
chamber, and fig. /2 gives a cross-section at the location
of a measurement field (for clarity not drawn to scale).
At the central plane of the chamber there is a highly
insulating plastic sheet, which is coated on both sides
with an electrically conducting lacquer at the location
of the measurement fields. This double coating con-
stitutes the collector electrode, and is not visible in
the radiograph. The plastic sheet with the three-part
collector electrode is illustrated in fig. /3. The per-
forations mentioned above can be seen clearly. The
electrical supply leads also consist of strips of con-
ductive lacquer, since even very thin copper wires
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Fig. 11. Tonization chamber, partly cut open, showing the electrode systems for two of the
measurement fields.
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Fig. 12. Cross-section through a measurement field (not drawn to scale). / plastic sheet on which
the centre electrode (collector) 2 and a guard ring 3 have been formed with conducting lacquer.
The centre electrode and the foil it covers are perforated to allow the ionizing electrons to pass
through it. 4 electrode consisting of two pieces of copper foil. 5 chamber casing (aluminium
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the insulation resistance of
the foamed plastic 1s not
sufficient here, and chan-
nels are therefore intro-
duced in it under the supply
strips to the measurement
fields. The field electrodes
are surrounded by guard
rings, which again are ap-
plied to the plastic sheet in
the form of conducting lac-
quer (see figure 12 and 13).
The rings are given a poten-
tial equal to the average
potential of the collector
electrodes. By means of
these measures stray cur-
rents are kept to a mini-
mum.

The pre-amplifier

The ionization current /
delivered by the ion cham-
ber is between 108 and
10-11 A, If this current

charges a capacitor C, the

sheet 0.3 mm thick). 6 insulating sheet. 7 foamed plastic.

would show up in the radiograph. The other pair of
electrodes are very thin sheets of copper of the same
size as the whole ionization chamber, so that these as
well are invisible in the radiograph. Except at the
measurement field locations, the entire space inside the
ionization chamber is filled with foamed plastic of very
low density. The air space remaining constitutes the
effective sensitive volume. Only in this space do the ions
which are formed travel to the collector electrode under
the influence of the electric field.

The density of the foamed plastic must be low
enough to prevent the radiation scattered in it from
making any significant contribution to the ionization
in the sensitive volume, and from causing any disturbing
fog on the film. The edges of the foamed plastic are
made sloping so that the edges of the free air space do
not show in the radiograph (fig. 12); this measure is
effective even for fairly high density. The copper elec-
trodes to which the chamber voltage is applied are
insulated from the thin sheet-aluminium casing by
plastic sheet. This type of construction gives the
ionization chamber reasonable mechanical stability,
and the X-rays available for the radiograph are not
unduly attenuated. In view of the very low ionization
current the insulation must be particularly good, and
with modern plastics this is indeed possible. However,

voltage V produced across
the capacitor is propor-
tional to the X-ray dose applied, since:

T

1
V dt, « (1
Lf 0

Fig. 13. Plastic sheet at the central plane of the ionization
chamber, with the collector electrode consisting of three parts
for the three measurement fields, and the guard rings.




»

100

to where 7' is the total charging time. The voltage V is
therefore the quantity to be measured. The longest
exposure for which X-ray generators are generally rated
is 5 s. At this exposure the ionization current is at its
lowest, namely 10-11 A. (The change which the ion-
ization current undergoes during the exposure, due to
the decreasing of the load, can be disregarded for our
present purposes.) If, for example, we use a 100 pF
capacitor, the final voltage across the capacitor is 0.5 V.
.The available “driving power” is then of the order of
10-12 W. Since this low power must be sufficient to
switch off an X-ray generator of 50 kW reliably, it is
evident that well-designed screening is required. It is
best if the first amplifier stage can be accommodated
in the casing of the ionization chamber itself. This
method has been adopted in the Amplimat, as there is
then no longer any particular difficulty in feeding the

signal to the switching circuits without interference, -

even over fairly long cables. The pre-amplifier thus
combined with the ionization chamber should prefer-
ably be contained in a volume no thicker than the
jonization chamber itself. This has been accomplished
by using subminiature components (fig. 17).

Up till now the most difficult problem was the choice
of the first valve, whose grid current is restricted to
10-12 A, if a 10 % error is allowed in the most unfavour-
able case. Commercial electrometer valves that meet
such requirements, such as the Valvo 4065 and the
Telefunken DF 703, cannot be used here because they
have a directly heated cathode and therefore do not
have sufficient mechanical stability. In cooperation
with the manufacturers, however, it proved possible to
develop a special valve possessing sufficient stability.
A second valve must now be added to keep the signal
from the pre-amplifier sufficiently free from inter-
ference.

As the longest exposure is 5 seconds, the signal to be
amplified contains very low frequencies. A d.c. amplifier
is therefore required. We employ a directly coupled
d.c. amplifier, as this is the simplest system if only two
stages are to be used. In very sensitive d.c. amplifiers
the most intractable interfering effect is the drift in the
quiescent (ze1o signal) current. We therefore designed
a circuit in which the quiescent current is kept auto-
matically constant, taking as our design basis the well-
known 01rcu1t for electronically stablhzed power sup-
plies. -
In a stablhzed power supply (fig. 14) part of the
outpiit voltage Vs is compared with the reference

voltage Vn. Any deviation produces an amplified

voltage change across the anode resistance R,, and
this voltage change appears at the control grid of the
next valve By and has the effect of considerably reducing
the original variation. Thus, any fluctuation of Vo is
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Fig. 14. Circuit showing the principle of a stabilized power
supply.

only very slightly perceptible in V3. If there is no load
connected to Vi, a constant output voltage Vst there-
fore means a constant current i or is.

Our circuit (fig. 15) employs the same principle.
Vs is the anode voltage source for the electrometer
valve Bi. The current i flowing in the quiescent state
is kept constant in the same way as in fig. 14, the
voltage iRy being compared here with the reference
voltage Va. A constant i also means a constant anode
current iy in the next valve Bs (there is a constant ratio
between the screen grid current of By and the anode
current). The ionization chamber with its chamber
voltage source is indicated in fig. 15 by dashed lines.
The capacitor C which is charged by the ion current
is incorporated in the grid circuit. Its (negative)
voltage V, is added to iRk and the sum is compared
with Va. The circuit ensures that this sum remains
constant:

Ve + iRy = constant. . . . . . (2)

If V, varies, then { must also vary in such a way that
eq. (2) is always satisfied. The change of iy accom-
panying the change of i is the quantity measured:
during the exposure i increases in proportion to the
dose.

—0

Fig. 15. " Circuit of the pre- ampllﬁer incorporated with the jon-
ization chamber. B; special electrometer valve with grid current
< 1012 A and indirectly heated cathode (used for mechanical
stability). The quiescent current i is kept constant by means of
the reference-voltage source Vn. The quantity to be measured is
the change in iy that occurs as soon as the ionization chamber Jon.
supplies a charging current to the capacitor C. This change is
proportional to the dose reached.
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We should more accurately write, instead of eq. (2)
the expression:

XV =0, hence Vo— Vg = Ve +iR.. . (3)
Because of the amplification in the valves, however,
the variation of Vg remains so small that eq. (2) is
sufficiently accurate. At these small variations of V,
the valve characteristic is linear to a very close approx-
imation so that for the amplifier as a whole there is a
linear relation between the output and input quantities,
as fig. 16 shows. The linear region extends up to 13 mA,
which means that a Aiy of 12 mA can be used. The
quiescent current is 0.7 mA.

74mA[-
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Fig. 16. Prc-amplificr characteristic: i, is shown as a function of
capacitor voltage V.. The characteristic is lincar over a current
range Aiy = 12 mA.

The constancy over long periods depends primarily,
of course, on the constancy of the reference-voltage
source (a Zener diode). We operated the circuit
continuously for several months and found that the
fluctuations in the quiescent value of i, never exceeded
4+ 25 u©A, although all supply voltages were taken
direct from the mains with no other stabilization.
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Fig. 17 shows the pre-amplifier with part of the
casing removed. In addition to the two valves and the
other components mentioned it contains four small
relays, three of which are responsible for connecting
the selected measurement fields to the amplifier input
in any required combination. There is a separate
capacitor for each field. As, with uniform irradiation,
the ion current is proportional to the surface area of
the measurement field, the sensitivity of the chamber is
not affected when the various measurement fields are
combined, as the ratio between field surface area and
capacitance remains constant.

The complete circuit

Fig. 18 shows the circuit of the complete system.
The mains lead to the high voltage transformer can be
seen at the top. This circuit includes the contacts of
two heavy-duty relays. Relay S is controlled by the
exposure control circuit and is switched on before the
exposure begins. When the exposure signal is given, the
contacts of relay Sp close and this starts the exposure.
In parallel with relay Sz a third relay Sg is energized:
Sg 1s contained in the pre-amplifier and in its non-
energized state it short-circuits the measurement
capacitor Cy. This short-circuit is removed by the
energizing of Sg for as long as the exposure lasts. The
exposure is terminated by relay S1 opening its contacts.

In fig. 19 the various signals are shown schematically
as a function of time. During the exposure the capac-
itor C is charged by the ionization current from the
ion chamber. If we assume as a first approximation that
the radiation is constant (fig. 19a) then the (negative)
voltage Ve rises linearly with time (fig. 195). As we
have seen, the anode current i, is directly proportional
to Ve, so that iy also increases linearly with time (shown
by the dashed line in fig. 19¢; the solid line will be
explained later). The pre-amplifier is connected by a
cable to the main unit. The anode current iy, flows
through one of the conductors in this cable and through
the adjustable anode-resistance Rs of the valve Bs. The
voltage V1 across Rs increases with iy and when it
reaches a fixed value (Vis), the mains relay S; receives
the switching-off signal. By adjusting Rs one can pre-set

gnon e
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Fig. 17. The pre-amplifier opened up. It is located in the lower part of the ionization chamber casing shown in fig. 11,
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Fig. 18. Complete circuit diagram of the Amplimat, with the connections to the X-ray
generator. On the left is the ionization chamber with pre-amplifier, which is connected by a
cable to the rest of the circuit. By is the thyratron, which is ignited at a given moment by
the increasing signal voltage, causing relay Si to release and terminating the exposure. For
_the meaning of the other letters see fig. 15 and text.

the i, value required for reaching the value Vis, and so
pre-select the dose (i.e. the film density) at which the
radiation is switched off. The change in the voltage V1,
or rather in the complementary voltage V1’ (figures 18
and 19) appears by way of Rs and C as voltage V3 on

the grid of the next amplifier valve Bs. Rs applies strong

negative feedback to this valve, and the working point
is at the upper end of the characteristic. Due to these
measures the anode current i3 of this valve follows the
grid voltage V3 over a wide range (fig. 19f), while the
voltage V3 on the grid of thyratron By follows the
current 3. When V4 has reached a certain value the
thyratron ignites (fig. 19¢) and the relay Si releases
contact.

Some details of the circuit

We shall now briefly describe some special features
of the circuit.

R-C coupling

The capacitor C in fig. 18 not only serves as a potential divider -

but also for the coupling of two d.c. amplifier stages. The R-C
circuit that determines the signal transmission consists of C2 and

the two resistors Rs and Ry that follow it. The R-C circuit here is
designed on principles different from those commonly adopted
in telecommunication circuits. For an input voltage varying
linearly with time ¢ the output voltage from the R-C circuit varies
in accordance with RC [1 — exp (—t/RC)]. After a certain time
(t > RC) this voltage becomes constant; however, we need only
the first part of the rise (t < RC) in order to transmit as faith-
fully as possible the (theoretically linear) increase of the voltage.
We therefore have to choose the time constant RC large enough
to ensure that even at the longest exposure of 5 seconds, the out-
put voltage will not deviate appreciably from a linear rise. With
RC = 20 s the deviation is 11 %; the difference in density which
this produces on the X-ray film is imperceptible.

Compensation of the relay switching-time

-Since the Amplimat is required to work with any
conventional X-ray generator, it contains its own relay
for disconnecting the high-voltage transformer from
the ma’ins: With a relay of this kind there is a finite
delay between the instant when the energizing current
is switched off and the instant when its contacts open,
breaking the circuit. If the dose required for correct
film density is reached with an exposure time not much
larger than the release time of the relay, the film will be
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considerably over-exposed, because the film continues
to be exposed between the instant at which the switch-
ing-off signal is given and the instant at which the
tube voltage is actually switched off. To avoid such
over-exposures the Amplimat circuit contains a device
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Fig. 19. Waveforms of the various signals. The X-radiation in
this case is assumed to be constant. At #1 the thyratron ignites,
at 1 the relay S releases and at t3 the relay Ss releases.

.
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which compensates the influence of the relay release
time by giving the signal an “early start”. This is
accomplished by means of the capacitor Cxin parallel
with Ry in the pre-amplifier (fig. 18). As long as a
constant anode current flows, Cx is charged to the
voltage iRy. The charge on the capacitor follows any
charge in the anode current with a slight delay given
by the time constant RrCx. Because of this the negative
feedback through the cathode circuit is also delayed
and, as the current begins to rise, the valve at first still
gives full amplification; the cathode resistance is in
effect short-circuited. After the charge on the capacitor
has followed the anode-current variation, however, the
slope only has the lower value determined by the
negative feedback. This gives rise to the signal wave-
forms that were illustrated in fig. 19. The switching-off
signal is now given earlier, by a tume equal to RiCx.
The switching time of the relay is 3 ms, and the time
constant RyCy is chosen to correspond with this.

Reducing the relay release time

The compensation of the release time, as described
above, is of course no longer helpful if the correct
exposure time approaches the relay release time.
Exposures shorter than the release time are completely
ruled out. To give the Amplimat the widest possible
useful scope it was therefore necessary to minimize the
release time of the relay. By means of a special design,
using moving parts of very low mass and of much
greater resilience than normal, we were able to make
the time which the contact mechanism needs for its
movement exceptionally short.

The electrical circuit of the coil in the relay also has
its effect on the switching time. If the holding current of
the relay coil is simply interrupted, it decays exponent-
ially with the time constant L/R (see curve I in fig. 20),
L being the inductance of the coil and R the total ohmic
resistance in the coil circuit. In the example illustrated,
which corresponds to normal designs the current takes
between 1.5 and 2 ms to drop to zero. This time was
substantially reduced by using the circuit arrangement

Fig. 20. The current i in the relay coil as a function of time upon
switching off, using the normal circuit (/) and the circuit illustrated
in fig. 18 (II). In II the magnetic field of the coil drops to zero
much faster than in .-/ is the holding current. .
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already shown in fig. 18. The holding current for the
relay (S1) flows through the resistor Ry1; capacitor Cy
is charged to a high voltage through Rjs. In the
quiescent state the thyratron By is not conducting; its
ignition would bring about the release of the relay.
After ignition the capacitor is discharged through the
thyratron and the relay coil. This current flows in the
opposite sense to that of the holding current and decays
as a damped oscillation. The total current follows
curve IT in fig. 20. After only 0.1 ms it has dropped to
zero, so that the electromagnet is de-energized much
faster-than for curve 1. The subsequent magnetization
in the opposite sense is of no significance, since the
current required to close the relay again is not reached.

As a result of these measures the relay contacts open
3 ms after the switching-off signal.

L-C filter

In the foregoing we have disregarded the fact that
the X-radiation is not constant, as represented
schematically in fig. 194. In fact it contains a ripple,
caused by the high voltage rectifier. The fundamental
frequency of the ripple depends on the rectifier circuit.
X-ray generators of average power are usually supplied
from the single-phase a.c. mains,and the ripple then has
a fundamental frequency of 100 c/s (two-peak genera-
tor). Generators of higher power are supplied from a
three-phase supply; with the rectifier used in this case
the fundamental frequency is 300 c/s (six-peak genera-
tor). The intensity of the radiation, and the signal i,
derived from it, are modulated by this voltage ripple.

We have seen that to compensate for the relay release
time, the feedback in the pre-amplifier is made fre-
quency-dependent (capacitor C in fig. 18). This has the
result that the alternating voltage of 100 cfs or 300 c/s
present in the signal is amplified more than the desiied
signal', which increases linearly with time. The voltage
at the grid of the thyratron does not theretore follow
the same function of time as the dose, which follows the
same function of time as the charge on the measuring
" capacitor. Although the increase of the thyratron
voltage: corresponds on average to the increase in the
amount of radiation that governs the film density, a
deviation can occur at any instant, depending on the
point reached in the ripple cycle. This could cause
considerable disparities in film density, particularly
when the exposure is very short.

To obtain reproducible results, the alternating
voltage, which is selectively amplified as a result of the
frequency-dependent negative feedback, has to be
attenuated again, but without losing the early start we
want to give to the useful signal corresponding to the
average voltage increase across the measuring capaci-
tor. For this, a ‘tuned circuit L-C3 is used as a filter
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(see fig. 18), which, depending on the setting of Rs, -
reduces the amplitude of a 100 c/s component to
between 1/25 and 1/50, and that of a 300 ¢/s component
.to between 1/40 and 1/80. ‘
More effective filtering, which could be achieved with
a higher Q for the L-C circuit, is not necessary and is
even undesirable since the duration of the transient
* oscillations of a tuned circuit increases with the Q. The
filter transients have their greatest effect at short
exposures — the very situation in which the super-
imposed alternating voltage can cause the worst errors.
If we again assume a linearly increasing input voltage
(with no a.c. component) then at a given radiation
intensity and setting of Rs the straight line a in fig. 21
represents the nominal value of the switching voltage V4

- as a function of time (disregarding the constant bias).

The action of the capacitor Cy in parallel with Ry in the
amplifier, has shifted the straight line upwards by an
amount which corresponds to a shift to the left over a
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Fig. 21. Thyratron grid voltage V4 as a function of time. At a
given (constant) radiation intensity and a given setting of the
density selector Rs, the variation of V4 should follow the dashed
line 4. Due to the action of capacitor Cx in fig. 18, this line is
shifted parallel to line a, thus compensating for the relay release
time of 3 ms. In practice a curve such as c is obtained, because
of the transient in the L-C filter.

time interval CiRx = 3 ms (line b). In reality, however,
V4 follows curve ¢, owing to the transient oscillation.
Depending on the magnitude of the switching-off signal
in the figure (strictly speaking this voltage is fixed and
the scale of the ordinate in the graph is changed to
correspond with the radiation intensity and the adjusted
value of Rg) the deviation of curve ¢ from b gives rise to
a more or less marked deviation of the switched dose
from its nominal value. The design of the tuned circuit
is optimum when curve ¢ cuts the straight line b as early
as possible without excessive overshoot. The curve
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obtained with the Amplimat is represented quantita-
tively in fig. 21. The nominal value is reached after only
2 ms, while the overshoot causes a maximum dose
deviation of no more than about 7%,

Compensation of voltage effects

We have explained above (page 96) that the voltage-
dependence of the ionization current is matched to that
of the film density for a given combination of film and
intensifying screens. In medical X-ray practice, how-
ever, various combinations of film and screens are in
use. To make the Amplimat as widely useful as possible,
a facility is provided for applying a correction if it is
found that the use of ihtensifying screens of different
voltage-depeﬁdence causes the density of the film to
vary with the anode voltage of the X-ray tube. The
correction is made with two potentiometers, Rg and Ry
in fig. 18, which affect the switching voltage ¥4 and so
control the density of the radiograph. The potentio-
meter Ryo is mounted in the control panel so that its
slider can be linked with the X-ray tube voltage control.
The effect of this on V4 can be approximately adjusted
for the appropriate type of intensifying screen by
means of Re. This adjustment is made when the
complete system is set up.

The shortest switching time in practice

Investigations by Stieve [101 have shown that radio-
logists often find it desirable to be able to reduce the
times of direct exposures to 6 ms. It is in fact quite
possible to obtain the correct film density with such
short exposure times, if a high power X-ray generator
is used and a high tube voltage is chosen. The shortest
switching time for the exposure control system must
now be no longer than this, or the use of the automatic
control sets a limitation on the use of the system. The
first automatic exposure timers, introduced some ten
years ago, were unable to meet this requirement because
the device was switched off from the mains with the
standard switchgear used for X-ray generators.
Automatic exposure control only became really
successful after the intioduction of a separate switching
relay which, as described above, was able to give a
considerable reduction in the switching time. Apart
from this relay the only other element in the Amplimat
that can cause any significant delay time is the L-C filter
with its transient. The shortest switching time is the
sum of the transient time of the filter and the release
time of the relay, and from fig. 21 it is seen to be
243 =5ms.

It may well be asked to what extent it is possible to
ensure a reproducible dose with repeated exposures of
such short duration. Apart from the spread in the
_ release time of the switching relay, which may be some
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tenths of a millisecond, it is necessary to take account

of the following two causes of deviation.

a) The initial switching transient of the high-voltage
transformer may differ from one exposure to an-
other. This is because, at the end of an exposure,
the magnitude of the residual magnetization of the
iron core of the high-voltage transformer is deter-
mined by the instant of switching off. For single-
phase operation, this instant may coincide exactly
with that at which the voltage passes through zero,
and may also occur at any other point in the positive
or negative half-cycle. When the voltage is switched
on again, the magnitude of the primary current is
dependent, during the first half-cycle, on the instant
of switching-off. This in turn affects the magnitude
of the high voltage during the first few milliseconds.
Obviously, with short exposures, such fluctuations
during the first few milliseconds will also produce
deviations in the dose controlled by the Amplimat,
since the (average) intensity during the measure-
ment is not identical with the intensity during the
release time of the relay.

b) The X-radiation contains the ripple originating in
the rectifier (see page 104). The dose on the film is
therefore built up more or less intermittently, while
due to the operation of the L-C filter, the signal
voltage, after the switching transient, shows an
approximately linear increase with time, as if the
dose were produced by a d.c. voltage on the X-ray
tube. Depending on the instant at which the signal
voltage reaches the value required for terminating
the exposure, the dose that is actually delivered
departs to a certain extent from this linear law.

The spread of the dose values will be relatively
greater as the ripple in the tube voltage increases
and the exposure time decreases. If the deviation
from the nominal value is not to be greater than
209 (the corresponding deviation in the average
film density is entirely acceptable as a practical
limit) the switching time of the Amplimat should
not fall short of 25 to 30 ms when using a two-peak
X-ray generator. If a six-peak generator is used the
limit is not reached until about 5 ms, because of the
smaller ripple. In this case the ionization chamber
has to give its switching signal within only 2 ms of
the beginning of the exposure.

We have investigated the resultant spread exper-
imentally for the six-peak generator. Fig. 22 shows the
delivered dose as a function of exposure time, for a
large number of exposures. The dose was measured

0] F. E. Stieve, The automatic exposure timer as a basis for
automation in roentgen work, Acta radiol. 53, 459-480, 1960.
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Fig. 22. Delivered dose for a large number of radiographs at
different exposure times, made with the Amplimat controlling
- a six-peak generator. The dose actually delivered was measured
with a dosemeter at the normal film location. The deviations
from the, nominal value (here put at 1) only exceed 207 for
switching times below 5 ms. .

with a dosemeter whose ionization chamber was placed
immediately behind the measuring chamber of the
Amplimat, i.e. at the normal location for the film. At
long exposures the spread is found to be only a few
per cent; it increases at short exposures. The dose also
increases as the time limit of 3 ms is approached. This
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is easily understood since exposure times under this
limit are not possible, however high the intensity. At
the shortest exposure of 5 ms, however, the deviation
from the desired value is never greater than 20%,.

Summary. In the “Amplimat” automatic exposure control system
a flat ionization chamber is placed between the patient and the
X-ray film. The ionization chamber contains three measurement
fields which can be selected to suit the anatomy of the subject of
the radiograph. The ionization current charges a capacitor, and
the increasing voltage across the capacitor supplies a signal that
switches off the X-ray generator as soon as it reaches a pre-set
value. The physical factors that determine the design of the
ionization chamber are discussed in some detail, in particular
the measures taken to ensure that the dependence of the chamber
sensitivity on the X-ray tube voltage is approximately the same
as the voltage-dependence of the film density, when used with a

- given intensifying screen. During prolonged exposures the ion-

ization currents may be very small (e.g. 10~11 A ina 5 s exposure).
To ensure reliable switching at such low currents, a pre-amplifier
which uses subminiature circuit techniques and a specially
designed electrometer valve is combined with the ionization
chamber to form a single unit. The release time of the switching
relay sets a lower limit to the exposure time. This limit has been
reduced by mechanical and electrical means to 3 ms. The effect
of the relay release time on the delivered dose is compensated
by a special device in the amplifier. Measures are also takén to
compensate for the ripple in the X-radiation produced by standard
two- or six-peak generators, and for the effect of the voltage
influence when different intensifying screens are used. Experi-
ments have shown that with a two-peak generator a minimum
exposure of 25 to 30 ms is possible without excessive deviations
from the pre-set dose. With a six-peak generator the exposure
can be as short as 5 ms without the spread in the dose exceeding
the permissible 20 % deviation.
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Grease-lubricated spiral groove bearing
for a straight-through shaft¢

The spiral groove bearing is a new and very pro-
mising form of “self-acting bearing”, i.e. one in which
the running surfaces are completely separated from
each other by a thin layer of lubricant and in which
the rotation itself forces the lubricant between the
running surfaces. This latter action is achieved in the
present case by the pumping action of the spiral grooves
Oil may be used as a lubricant, but grease is also suit-
able, especially for small bearings (shaft diameters of a
few millimetres). The great advantage of grease is that
it does not leak away from the bearing so readily when
the shaft is stationary.

These points were explained in detail some time ago in
an article in this journal (1. This article included an
illustration (fig. 26) of a small test motor with its shaft
supported at each end by a grease-lubricated conical
spiral groove bearing, capable of taking both thrust
and radial loads. In the course of life tests, this motor
has meanwhile been run for 15000 hours and, during
this period, has been stopped and restarted about
150 000 times without being re-lubricated.

The above relates to a “blind” bearing, i.e. one in
which the shaft terminates. The very good results
achieved with the test motor encouraged us to look for

621.822.5:621.892.9

Our solution to this problem is illustrated in fig. /c.
By way of explanation, let us first consider the simplest
imaginable configuration for the required bearing, as
shown in fig. la. The thrust bearing / has to take up
the axial load, and cylindrical bearing 2 the radial load.
Bearing /, designed for a bearing gap of, say, 5 to 10
wm, has spiral grooves, forcing the grease in the direc-
tion of the arrow. The pressure thus set up increases
strongly towards the centre and provides the required
thrust load carrying capacity for bearing /; at the same
time it ensures that journal bearing 2, which has a typi-
cal clearance of 20 to 30 pum, isalways filled with grease.
Bearing 2 is, therefore, itself capable of providing the
necessary radial bearing capacity. To prevent the grease
forced towards the centre by spiral grooves / from leak-
ing away from the bottom of bearing 2, the latter must
be provided with a series of helical grooves to pump
the lubricant in the opposite direction.

In order to build up a pressure equal to that provided by bear-
ing /, the grooves in bearing 2, owing to the much wider gap and
other causes, would have to be of quite considerable length. It
would be better, therefore, to entrust part of this counter-pump-
ing effect to a section of the thrust beating /: its bearing surface
can be divided into two rings, only the outer one being provided
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Fig. 1. Grease-lubricated spiral groove bearing for straight-through shaft.
a) The simplest possible form, with thrust bearing / and cylindrical bearing 2.
b) An extension of this design, with arrangements to return the grease forced out of bearing /

when the shaft is stationary.

¢) Thefinal design. While the shaft is rotating, there is a small continuous flow of grease to the
annular space 6, from which it is returned to chamber 3 through channels 7.

an anlogous design for use with a straight-through
shaft, i.e. a spiral groove bearing, capable of taking
both thrust and radial loads, that could be lubricated
with grease and would require no further re-lubrication
during its life.

with the inwardly-directed pattern of spiral grooves, the inner
one carrying a pattern giving the counter-pumping effect (a
herringbone pattern, as shown in fig. 24 of reference [11).

(11 E. A. Muijderman, New forms of bearing: the gas and the
spiral groove bearing, Philips tech. Rev. 25, 253-274, 1963/64.
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There are several reasons why the simple bearing in
fig. la is not entirely satisfactory. Firstly, the most ob-
vious one: when the shaft is stationary, the thrust load
will gradually force some of the grease in gap / out-
wards, and this grease will accumulate around the outer
circumference of the bearing. When the motor isstarted
this grease will be thrown oft by the centrifugal force,
and eventually there will be insufficient grease to main-
tain the lubricating film.

This can be counteracted by the design shown in fig.
16. Here, the shaft has a flange with an annular space 3
containing a reserve of grease and which will collect the
lubricant forced out of the gap / when the shaft is sta-
tionary. As soon as the shaft beginsto rotate, this grease
is forced outwards by centrifugal force and pressed
against the inner wall of the bearing housing. Two sets
of helical grooves 4 and 5 are cut in this wall, which both
have a downward pumping action. The sole purpose of
grooves 4 is to prevent some of the grease from escaping
upwards, while grooves 5 pump the grease towards the
thrust bearing /, so that both this bearing and journal
bearing 2 are always full of grease.

This does indeed correct the deficiency inherent in
the design shown in fig. 1a, but there is yet another and
rather more subtle difficulty. It is difficult to balance
accurately the opposed impelling forces that the grooves
in bearings / and 2 exert on the grease, particularly
because these forces will be determined by the thrust
and radial loads, which can vary independently of each
other. It is therefore impossible in practice to prevent a
slight flow of grease. In order to overcome this diffi-
culty, we have included a return channel for the grease
that is pumped away. The assembly is dimensioned in
such a way that the pumping action of bearing /, which
is reinforced by grooves 5, is always predominant. As
may be seen in fig. l¢, the journal bearing has an annu-
lar space 6 to catch the grease. Sealing from below is
ensured by the grooves in bearing 2, and there are a
number of return passages 7 from the cavity 6 to the
annular space 3 at the input side of the thrust bearing /.

The grease circulation on which the final design is
based has the further advantage that any air-bubbles
that might be left when the bearing is packed with
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Fig. 2. Parts of the new spiral groove bearing. The cylindrical
bearing housing is shown on the left, and the rotating part, made
of hard material that is attached to the straight-through shaft
is shown on the right. Here the groove patterns (/, 2, 4 and 5§
in fig. 1) are not cut in the wall of the bearing housing, but in
the hardened moving part; this makes no difference to the opera-
tion of the bearing. The moving part is shown the opposite way
round from the housing so that the groove patterns may be seen.
The ends of the grease channels, which, in this design, run in a
slightly different way from that shown in fig. 1¢ (7), may be seen
in the bearing housing.

grease are very rapidly removed from the bearing gap.
It is, therefore, unnecessary to pack the bearing in
vacuo.

Fig. 2 is a photograph of one design of the bearing
described above.

This extension, given here in outline, of the apptlica-
tion of this type of bearing to straight-through shafts
opens up wide new prospects. It may be expected to
find many uses as a bearing for relatively high loads
and speeds or long life (more than 20 000 hours). For
such conditions cheap sintered bearings (impregnated
bearings) are unsuitable, and the type of bearing
described here will render the use of compratively ex-
pensive and bulky ball bearings is unnecessary. Further
advantages, such as the fact that grease-lubricated
bearings, like oil-lubricated bearings, are much quieter
than sintered or ball bearings, and the fact that they
withstand heavy thrust loads well, will, in our opinion
greatly encourage their use.

G. Remmers

G. Remmers is with Philips Research Laboratories, Eindhoven.
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Peltier cooling

W. Lechner
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The investigations carried out at the Philips Aachen Laboratory into the technology and
applications of Peltier cooling which were concluded some years ago, have led to the
production of Peltier batteries of various types. In view of the interest in thermoelectric
refrigeration, it appeared that a summary of the principles, iechniques, and fields of
application of this method of cooling would be of value.

Although physicists have carried out a great deal of
research on the thermoelectric effects since their discov-
ery more than a century ago (Seebeck 1822, Peltier
1834, Thomson 1854), it is only in fairly recent years (at
least for the Peltier effect), that materials have been
found and developed that make their technical appli-
cation a possibility. These are the semiconducting ma-
terials. Thermoelectric refrigeration systems based on
the Peltier effect (Peltier batteries) have been so greatly
improved in recent years that they are now in use in
various fields. These are of course those fields where
thermoelectric systems have special advantages over
traditional refrigerators — their small size, the lact
that they can be adapted to the object to be refrigerated
and can be easily though accurately regulated — and
where their relatively low efficiency, which is still a dis-
advantage, is of minor importance.

To present a survey of this method of refrigeration
and its applications, we shall first of all briefly describe
the thermoelectric effects and the principles underlying
the design of Peltier elements and batteries. The ther-
moelectric effects will then be treated intermsof atomic
theory, after which we shall examine the principal
characteristics of the Peltier element as a heat pump
(the refrigerating engineer prefers to call this a cold
pump). In doing so we shall place emphasis on the re-
lationship between these characteristics (e.g. the effi-
ciency and attainable temperature reduction) and the
physical properties of the semiconductors employed;
this relation is expressed in a “figure of merit”. The
rest of the article will be concerned with the choice
and preparation of the semiconducting material (com-
pounds derived from bismuth telluride), with the oper-
ating conditions of Peltier batteries, and with some
typical applications in measuring techniques and in

W. Lechner is with the Aachen laboratory, Philips Zentrallabora-
rorium GmbH.

laboratory use. Tt is hoped that the examples cho-
sen will give some idea of the measures needed to solve
various types of refrigeration problem with moderate to
very strict requirements, for example for constancy of
temperature. It is also hoped that the article will act as
something of a stimulus and suggest ideas for new
applications.

The thermoelectric effects

The first of the thermoelectric effects to be discovered
was the Seebeck effect. This effect is based on the fact
that in many substances a temperature gradient d7/dx
is associated with an electric field E:

dT

E o 5
dx

M
a being the Seebeck coefficient of the material. If we
make a closed circuit of two conductors 4 and B which
have different Seebeck coefficients w4 and wup (see
Jig. 1) and we keep the junctions at different tempera-
tures, then a voltmeter inserted anywhere in the
circuit will indicate a voltage: this is the Seebeck volt-

Fig. 1. The Seebeck cffect., When the junctions 7 and 2 between
conductors 4 and B are kept at two different temperatures 71 and
Ts, an e.m.f. V' is generated in the circuit in accordance with
eq. (2).
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age. In other words, the Seebeck voltage is the net
e.m.f. of the thermocouple thus constructed. It is given
by:

2 1 3
12 /de+ / de+/de
300 28) 1
X 2 e
: / Edx — / Edx / (aa—ap)dT. . (2)

160 1K8) T

Thus, what is measured in practice is only the difference
aag = a4 — ap between the “absolute” Seebeck co-
efficients a4 and ag. We call a4p the “differential” See-
beck coefficient of the combination 4B. The absolute
Seebeck coefficient can be found by a measurement
using as a reference a good metal conductor (e.g. cop-
per) which, as a rule, has a relatively smallthermo-e.m.f.

The Peltier effect is based on the occurrence of an
energy-flow as a result of an electric current. The densi-
ty of the Peltier energy-flow is proportional to the den-
sity of the electric current; the proportionality factor is
the (absolute) Peltier coefficient /1. Other energy-flows,
for example thermal conduction and the removal of
Joule heat, are not taken into account here. If we sub-
stitute a d.c. source for the voltmeter in fig. 1 (see
fig. 2), an electric current / then flows through 4 and B.
If there is a difference between the absolute Peltier
coefficients /14 and Il of A and B, and hence be-
tween the energy-flows Q4 and Qg through 4 and B,
then the difference between the two energy-flows is
released as heat at one junction and heat is taken up

Qg-Qu=TTgal

Q=G

Fig. 2. The Peltier eflect. When a current 7 flows through a circuit
formed by conductors A4 and B, heat is released at one junction,
while at the other junction the same quantity of heat is taken up
from the environment. This quantity of heat is given by equa-
tions (3) and (4). (The d.c. source, like the voltmeter in the case
of the Seebeck effect, can be introduced in the circuit at any arbi-
trary point, e.g. at one of the junctions, as in practical Pelticr ele-
ments.)
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from the surroundings at the other. The element thus
works as a heat pump. The heat absorbed or produced
per second at a junction is given by:

O —=1ITusl, . ... ... 0

where

Huyp=0104—1gp . .. . @

1145 is the “differential” Peltier coefficient of the com-
bination AB. (From now on we shall usually omit the
subscripts for the sake of brevity. The context will
make it clear whether an absolute or a differential co-
efficient is intended.)

In general, « and 17 depend to some extent on tem-
perature. This temperature dependence may differ con-
siderably from one material to another; for thermo-
dynamic reasons, however (and this applies both to the
absolute and the differential coefficient), the Thomson
relation is always valid:

=0, « 1+ B ew 03

where T is the absolute temperature 11,

To make the following discussion clearer, we shall
first of all describe the construction of Peltier elements
and batteries in somewhat more detail. Fig. 3 shows
how the scheme of fig. 2 is arranged in practice. The
arrangement used is determined by the method of

Qx
K|
e
N e
A) B l
.
v J
Tw
lz
v
Qy

Fig. 3. The Peltier element as a heat pump. The element consists
of a block of N-type material (4), a block of P-type material (B)
and metal contact plates. At the cold side, at temperature Tk, an
amount of heat Qx is tuken up per second from the environment;
at the hot side, at temperature Ty, an amount of heat Qw is
released per second (this can be dissipated e.g. by water-cooling).
Jis the current. In general Qw and Qg differ from the Peltier heat
I1341 because they are also aflected by Joule heat and thermal
conduction.

111 There is a second Thomson relation, in which a third thermo-
electric eftfect occurs, called the Thomson eftect. It there is an
electric current in the material and at the same time a temper-
ature gradient, an amount of heat, referred to as Thomson
heat, is generated in addition to the Joule heat. The Thomson
heat, which may be positive or negative, usually has little
practical significance, and it will not be taken into consider-
ation in the present article.
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preparing the semiconductor materials, and the need
for rapid transfer of the heat produced (or taken up)
at the junctions. The junction contacts are in the
form of broad flat pieces of metal, which are good con-
ductors of electricity. One conductor (A4) consists of an
N-type semiconductor, and the other (B) of a P-type
semiconductor. The uppermost contact in fig. 3 ab-
sorbs the heat withdrawn from the cooled object (a
quantity of Qx per second), and a temperature T is
established here. The other contact, which is kept at
a temperature 7w by means of appropriate heat ex-
changers (e.g. by liquid cooling), gives up a quantity of
heat Qw per second.

To increase the refrigerating capacity, and for easier
adaptation to the object to be cooled, a number of
Peltier elements of this type can be connected together
to form a Peltier battery (see fig. 4), in such a way that
they are electrically in series, but in parallel for heat
transmission. The chains of elements thus produced are
sandwiched between metal plates. Between the plates
and the elements there is a very thin intermediate

K
- s
T s s 2
1~ I 5
P Nle L
W

Fig. 4. Diagram illustrating the construction ol a Peltier battery
from a series of blocks of N-type and P-type semiconductors. M
metal junctions. S electrically insulating layer. K cold side. W
hot side.

layer, which is an electrical insulator but as good a con-
ductor of heat as possible. An alternative way of ob-
taining an intermediate layer is to use metal plates with
anodized surfaces. This gives mechanical strength to
the arrangement while at the same time solving the in-
sulation problem, so that the user can attach both the

Fig. 5. Fermi-Dirac distribution in T
semiconductors and metals. The

horizontal axis corresponds to the
distribution tunction f of the states

(the average number of electrons = \
per state), the vertical axis shows ¢ ~
the energy. The shaded strips on the —
left of cach graph represent the per- \
mitted energy bands.

a) N-type semiconductor. The elec-
tric current is carried by a small
number of electrons in the conduc-
tion band (bottomedge Ec).

b) P-type semiconductor. The
charge-carriers are holes in the
valence band (top edge Ev). 0
¢) Intrinsic semiconductor. Charge- /
carriers are present in both bands.

d) Metal. The conduction is due to

electrons with an energy around Ep.

[}
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object to be cooled and the heat exchangers straight
on to the battery.

Variations of this arrangement, designed for special
applications, are discussed in the last section of this
article.

The thermoclectric effects in terms of atomic theory

The conventional model for electrical conductivity in
semiconductors and metals readily provides a qualita-
tive explanation of the thermoelectric effects and of the
fact that these effects can be considerably larger in
semiconductors than in metals.

In this model the electric current is transported by
free charge-carriers — electrons in metals and N-type
semiconductors, holes in P-type semiconductors. The
resistance arises because the charge-carriers are scat-
tered by lattice vibrations (phonons) or by physical or
chemical imperfections in the lattice.

The essential difference between metals and semi-
conductors is well expressed in the energy band scheme.
The electrons are in quantum states or energy levels
which are grouped together in bands; the electrons are
distributed among these states in accordance with the
Fermi-Dirac statistics. The distribution function f(the
average number of electrons per state, 0 << f < 1) is
equal to unity (all energy levels occupied) for E < LT,
and f is equal to zero (all energy levels empty) for
E > Ey where Ey is the Fermi energy; f has values dif-
ferent from 1 or 0 only in an energy region round Ep,
of the order of magnitude of &T. Completely empty or
completely filled bands do not contribute to the con-
ductivity.

In semiconductors E¥ lies between two energy bands
(see fig. 5). In N-type material conduction takes place
by means of electrons in the upper, otherwise complete-
ly empty band, called the conduction band; in P-type
material conduction takes place by means of holes in

=== 0

—f g

o
Ia}
[}
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the lower, otherwise completely filled band, called the
valence band. These clectrons and holes originate
from donors and acceptors respectively. In intrinsic
semiconductors both bands contain charge-carriers,
because of the excitation of electrons from the valence
band to the conduction band. In metals Ev lies some-
where in the middle of an allowed energy band; the
conduction is then due to electrons with energies
around Ey.

When the Fermi level in N-type or P-type semicon-
ductors is very near the edge of the band in which the
conduction takes place, or is even in that band, the
semiconductor is said to be “degenerate”; it is then no
longer true that f <1 for N-type material or that
1 — f < 1 for P-type material. For simplicity we shall
assume in the following that the semiconductors are
not degenerate. Although in practice degenerate semi-
conductors are in fact very important in Peltier cool-
ing, the theory of non-degenerate semiconductors of-
fers a better basis for an understanding of the thermo-
electric effects.

The Fermi level is important as a reference energy
level, since the condition for thermal equilibrium in an
“electron gas”, ¢.g. at a junction between two conduc-
tors or semiconductors, is that the Fermi level should
everywhere be at the same height. Thus, if the energy
of an electron is always reckoned from the Fermi level,
the energies of electrons in various parts of a combina-
tion of conductors can immediately be compared with
one another. The energy of a fiole at a level helow the
Fermi level (as found, for example, in P-type semi-
conductors) is then invariably positive.

The Peltier effect

1) The Peltier effect in extrinsic semiconductors.

We consider a circuit formed from N-type and P-type
semiconductors in series ( fig. 6). In the P-type section

Fig. 6. When a current flows in a circuit formed from an N-type
and a P-type semiconductor, charge-carriers are transported
from one junction to the other in both semiconductors.
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the charge-carriers (holes) flow with the current, in
the N-type section the charge-carriers (electrons) flow
against it. In both sections, charge-carriers flow from
the junction where they are generated (the upper one
in fig. 6) to the other junction (the lower one) where
they recombine. The relative location of the energy
bands (fig. 7a) at the junctions is determined by the
rule that the Fermi level shall everywhere be at the
same height. At one junction (the cold one) the energy
required for generating charge-carriers is taken from
the environment as thermal energy. The energy pro-
duced upon recombination at the other junction is given
up to the environment in the form of heat. The result
is therefore a transfer of heat, and this heat transfer
resulting from an electric current is the Peltier effect.

The above description of the Peltier effect is appli-
cable to the combination of an N-type with a P-type
semiconductor. The generation or recombination of a
hole-clectron pair is nothing else, however, than the
transition of an electron between two energy levels.
Generally speaking, a Peltier effect will occur in a cir-
cuit of two semiconducting materials if the energies
of the states in which the conduction takes place are
different in the two semiconductors (fig. 7h).

K w
N P N
e & o e
e N ; s ke
E N - ¥r
£ pa g 3
= "o e e s @%\
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Fig. 7. @) The energy bands in a combination of an N-type and
a P-type semiconductor. Er Fermi level. E¢ lower edge of con-
duction band in the N-type semiconductor. Ev upper edge of the
valence band in the P-type semiconductor. [ electric current. At
the cold junction K hole-electron pairs are generated, and
thermal energy @ is taken up. At the hot junction W an amount
of heat Q is given up upon recombination. {y = E¢ — EF,
{p = Er-- Ev.

b) The energies of the conduction states in a circuit of two semi-
conductors. At the cold junction K the conduction electrons are
excited to a higher energy state by thermal energy taken up from
the environment. At the hot junction W they return to the lower
state, and heat Q is given up.



1966, No. 5

The giving out or taking up of heat occurs at the
junctions where the electron makes an energy jump.
The Peltier effect is thus a differential effect for two
conductors; only the difference in the energies of the
conduction states is relevant. It is useful, however, for
formal purposes to introduce an absolute Peltier co-
efficient for a given material, and this is done in the
following way. Taking the Fermi level as a fixed refer-
ence level, a particular energy can be assigned to each
electron. This energy is carried along with the electron,
so that an electric current gives rise to an energy-flow.
The ratio of the energy-flow to the electric current is the
absolute Peltier coefficient. '

The sign of the absolute Peltier coefficient for N-type
material is opposite to that for P-type material. This
is because, although in both cases the energy flows with
the charge-carriers, the electric current in a P-type con-
ductor flows in the same direction as the carriers, butin
an N-type conductor it flows in the opposite direction
to the carriers. The greatest Peltier effects are there-
fore to be expected from combinations of N- and P-type
material.

An expression for the absolute Peltier coefficient of
an N-type semiconductor can be found as follows. The
mean transported energy per electron is the sum of
its potential and kinetic energies. Its potential energy
(see fig. 7a) is {x = Ec — Ep; this is the energy of an
electron without kinetic energy at the edge of the con-
duction band. The kinetic energy is AxkT. If the mean
transported kinetic energy per electron were the same
as the mean kinetic energy, one would expect Ay to
have a value of 3/2. The mean transported kinetic energy
is, however, greater, because the higher-energy elec-
trons not only transport more energy ; they do so faster.
Moreover it often happens, for example in scattering
due to ionized lattice imperfections,, that the higher-
energy electrons undergo relatively less scattering. Be-
cause of this kind of effect a value of 2 or 4 is found for
Ap, depending on whether the electrons are mainly
scattered by acoustic lattice vibrations or by ionized
lattice imperfections.

The mean transported energy per electron is there-
fore AnkT + (. The transported charge per electron
is —e, so that the absolute Peltier coefficient (the ratio
of transported energy to transported charge) is there-
fore:

1
HN=—-e—(ANkT+CN). N ()]
Similarly, for P-type semiconductors one finds:
{ ,
Hp=+-;(APkT+CP),'.... @)

where {p = Ex — Ev (see fig. 7a).
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Substituting (6) and (7) in (3) and (4) we find:

Iy . o ,
0= [Uy+ 4T+ iy + 2] . ®

At the hot junction, Ife is the number of pairs of charge-
carriers recombining per second, and the equation
shows that the total energy of these pairs is converted
into heat. At the cold junction (8) has the opposite sign:
the heat taken up from the environment is converted
into the energy of the pairs of charge-carriers created.

In the theoretical treatment of Peltier cooling the
Seebeck coefficient a is often used instead of the Peltier
coefficient II. The Seebeck coefficient is directly linked
with IT by the Thomson relation (5): IT = oT. We
shall therefore give the expression for the Seebeck co-
efficient of an N-type or P-type material as derived
from equation (6) or (7) and (5):

av=—"5[av+ 2], ©)
ap = +§[AP +%;—,]- (10)

It should be noted that the temperature dependence
of a is not only given by the 7" appearing explicitly in
(9) and (10). In general, ¢ also is temperature-depend-
ent. In semiconductors of interest in thermoelectric
applications it is often found that the temperature de-
pendence of { compensates the explicit factor T to
some extent. As the first term can usually be regarded
as temperature-independent, a is frequently taken in
practice to be independent of temperature. In this
rough approximation, I7 is then proportional to T.

2) The Peltier effect in metals.

The Peltier effect in mietals is substantially less than
in extrinsic semiconductors. In the light of what has
been written above this can be understood as follows.
In semiconductors the thermoelectric effects are of op-
posite sign for electrons and for holes. If these are
present at the same time, the effects will partly (or, in
special cases, wholly) compensate one another, This is
the situation in intrinsic semiconductors, and in these
the thermoelectric effects are indeed relatively small.
In several respects the situation in metals is very much
the same as that in intrinsic semiconductors in which
the energy gap goes to zero (cf. fig. 5).

The difference between metals and extrinsic semi-
conductors which is of significance in thermoelectric
effects can be summarized as follows: in an extrinsic -
semiconductor, charge and energy are transported by
charge-carriers on only one side of the Fermi level,
whereas in a metal they are transported by carriers on
both sides of the Fermi level. ‘
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Fig. 8. The Peltier effect in metals. The distribution function f
of the states in which the electrons have a velocity v is shown
as a function of v in a one-dimensional representation. vg Fermi
velocity. @) T=0°K,7=0.5)T>0°K,I1=10. ) T > 0°K,
I5=0. The electrons, represented by the regions 4 and B, transport
negative and positive energy, respectively, towards the right. The
absolute Peltier coefficient is determined by the difference be-
tween the absolute values of these quantities of energy, and is
zero to a first approximation.

It will be useful to consider the Peltier effect in metals in some-
what more detail. For simplicity we shall confine ourselves to a
one-dimensional model. In fig. 8 the distribution function f
(this represents the occupation of the energy states) is shown
as a function of the velocity of the electrons in these states.
At T = 0 °K all states below the Fermi level (i.e. with velocities
Jower than the Fermi velocity vp) are full and those above it
are empty. Above absolute zero this sharp boundary in the
distribution becomes blurred. In both cases the velocities of the
electrons to the left and to the right compensate each other for
zero current exactly. If a current flows through the conductor the
distribution is displaced slightly. The electrons with uncompen-
sated velocities, represented by the regions 4 and B, are responsible
for the net charge and energy transport. If we reckon the energy
from the Fermi level, we see that the electrons in B transport posi-
tive energy to the right, whereas the electrons.in 4 transport neg-
ative energy to the right. These energy quantities are about equal
in absolute value and compensate oneanother to a first approxima-
tion. At first sight there is thus no Peltier effect in metals. There
is nevertheless a small effect: this arises because the two quanti-
ties of energy transported do not completely compensate one an-
other. Two reasons why compensation is ihcomplete may be
mentioned. Firstly, the averages over 4 and B of the energy
trahsport per electron are not exactly equal in absolute value,
Secondly, there is generally a slight difference between the
densities of states above and below the Fermi level, so that the
number of electrons in A is not exactly equal to the number in B.
The relatively large Peltier effect in semi-metals and in some
transition metals can be explained as being due to a steep
gradient in the density of states at the Fermi level.

The Seebeck effect
1) The Seebeck effect in semiconductors. :
In yiew of the close relation that exists between the Peltier

.
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effect and the Seebeck effect, we shall also, for completeness, give
a qualitative explanation of the Seebeck effect. Let us first con-
sider a semiconductor. Assume that a temperature gradient exists
perpendicular to a given cross-section through a piece of semi-
conducting material. The charge-carriers from the hot side which
pass through this cross-section are somewhat “hotter” than the
charge-carriers from the cold side; i.e. their mean (thermal) velocity
is somewhat greater. If the concentration at both sides were the
same, therewould thereforebe anet current of charge-carriers from
the hot to the cold side (“thermal diffusion”). In an isolated piece
of semiconductor this thermal diffusion current is compensated
in the steady state by two currents in the opposite direction: in the
first place the transported charge-carriers will build up a concen-
tration gradient that results~in a diffusion current, and in the
second place they will generate a charge, and hence an electric
field which in turn gives rise to a current. This electric field, pro-
duced as a result of a temperature gradient, is the Seebeck effect.

We shall now give a simple and very rough estimate of the
magnitude of the effect, confining ourselves to the case where the
diffusion current due to theconcentration gradient is insignificant,
and assuming that the energy of the charge-carriers consists only
of thermal kinetic energy. Let  be the mean free pathof thecharge-
carriers. The charge-carriers arriving at a given cross-section
from the hot (or cold) side have a mean velocity appropriate to
the cross-section where they last collided and acquired the lattice
temperature, i.e. to a cross-section at a distance 4/ away from the
hot (or cold) side of the given one. This gives a thermal diffusion
current:

-}(nevx_,_y - nevx_*l) =1 ne%;c I.

Let us put
. dmv? = 1kT,
so that
dv _ k dT
dx  “my dx’

If we also set the thermal diffusion current equal to the current
¢E due to the field E (the conductivity being given by

ne?l
g = ney = —'n—v' N

where g = elfmv is the mobility), we obtain E = adT/dx, where
a = kfe. In our approximation a contains only the quantities k
and e, and in agreement with the Thomson relation, in the same
way as they are contained in the “kinetic term” in I7 divided by
(see eq. 6).

In a more rigorous treatment, leading to (9) and (10), one has
to bear in mind that the temperature, the Fermi level (with respect
to the edges of the bands) and the concentration of the charge-
carriers are all closely related, and that these ‘quantities are also
dependent on location.

2) The Seebeck effect in metals.

In metals the Seebeck effect is again very small. Fig. 9 shows
the number of electrons f per energy state as a function of the
absolute value of the velocity corresponding to that state at
two temperatures (one-dimensional). If there is a temperature
gradient the two curves give the velocity distributions of the
electrons moving to the right and to the left respectively through
a given cross-section. The area C represents a surplus dnc of
electrons with a mean velocity v, say to the right; D represents a
surplus 4np of electrons with a mean velocity vp to the left. If
Ang = Anp the thermal diffusion (and hence the Seebeck effect)
is determined by Adnc and vp — vg; the effect is then very small.
The effect can be appreciably greater if Anc == Anp because of a
steep gradient in the density of states.
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Fig. 9. The Seebeck effect in metals. The number of electrons per
state (the distribution function) f is shown for two temperatures
as a function of the absolute value of the velocity corresponding
to that state. vp Fermi velocity. If a temperature gradient exists,
area Crepresents a surplus dz¢ of electrons moving to the right,
and area D represents a surplus 4y, moving to the left. vc and
vp are the mean velocities of the electrons represented by C and D.
If Anc = Anp, the thermal diffusion, and hence the Seebeck ef-
fect, is given by dn¢ and (vp — v(). )

Cooling power, temperature reduction, efficiency and
figure of merit

It is obvious that for a good Peltier element the Pel-
tier coefficient, and therefore in view of (5), the See-
beck coefficient, should be as high as possible. Theelec-
trical conductivity should also be as high as possible,
the thermal conductivity on the other hand should be
as low as possible. It will be shown that the quality of
an element can be characterized by a single quantity,
called the figure of merit Z = o2/RL. Here L is the
(parallel) thermal conductivity of the two arms together,
and R is the electrical (series) resistance. The figure of
merit Z has the dimension °C-1; the value of Z in the
best elements is between 2 and 3x 10-3 °C-1. Z is de-
termined mainly by the physical properties of the semi-
conductors used, i.e. the Seebeck coefficient a, the
electrical conductivity o and the thermal conductivity 1;
broadly speaking, Z is independent of the dimensions,
since the effects on R and L compensate one another
in the product RL. The precise influence of the dimen-
sions will be discussed later.

The efficiency # is the ratio of the cooling power Ox
(the heat removed per second from the object cooled)
to the electrical power consumed N: n = Qx/N. In
refrigeration engineering # is always regarded as an
important characteristic. With the Z values at pres-
ent attainable the Peltier element cannot yet compete
with the conventional compressor-type refrigerator,
for example in domestic refrigeration; to make this
possible the figure of merit would have to be improved
. by a factor of 2 to 3. The Peltier element nevertheless
has a wide field of potential applications where a high
efficiency is of secondary importance. In these appli-
cations the maximum attainable reduction of tempera-
ture is often a more important characteristic.

A close relation exists between the cooling power Ox
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and the temperature reduction AT = Tw — Tk. The
quantity of heat which has to be removed from the
cold junction, by means of the Peltier effect, consists of
the heat Qx taken up from the cooled object and the
heat LAT conducted from the hot junction, as well
as a fraction of the Joule heat evolved. At a given
temperature Tw at the hot junction and a current
I, the magnitude of Qx + LAT is thus established
for any given Peltier element. In the following it
will be shown that for every element there is a
certain current at which Qx + LAT is a maximum; as
arule the element will be operated at that current value.
The cooling power Qx therefore becomes smaller as
the temperature difference AT is increased; the tem-
perature reduction is greatest when Qx = 0 (this may
be obtained by thermal insulation between the refrige-
rated object and the environment). Conversely at smal-
ler AT values a greater Qx is available.

The dependence on the current follows from the
energy balance at the cold junction. Taking into ac-
count that half of the Joule heat is removed at the cold
junction (the other half is removed at the hot junction),
the energy balance is given by:

Qx = IIxl — 3I?R — LAT, . . . (11)
or, with I[Ix = aT¥, by: .
Ox + LAT = oTxI — 1I2R. (12)

The voltage across the element (see also eq. 2) is
V = IR 4 adT; the electrical power is thus:

N=IR+oadT. . ... ..

13)

We note that in this derivation a, ¢ and 2 are con-
sidered to be temperature-independent between Tk and
Tw. From (12) it is at once seen that there is a value of
I giving a maximum for Qx at given temperatures; for
small I, the first term on the right-hand side is domi-
nant and Qx increases with I; at greater values of 7,
Qx decreases again, because the second term now be-
comes dominant. The maximum value Qm for Qx at
given AT, the value Iy of the current I at which it is
reached, and the corresponding electrical power Ny
are found from (12) and (13), with dQx/dI = 0:

Ou + LAT = LZLTx?, 14
aTx
Iy = —, 15
M R s
Nu=ZLTxTw. . . .. ... (16)
Here Z is the figure of merit mentioned above:
Z=o2LR .. ....... an

Equation (14) thus gives, for a given Peltier element,
the maximum cooling power ata given temperature dif-
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ference, and vice versa. A graph of (14) giving a plot of
Ox versus AT — the cooling power diagram — gives
an outline of the performance of a Peltier element as a
“cold pump”; we shall deal with this presently. First,
however, we shall derive from (14) an expression for
the maximum attainable temperature reduction ATy,
another important characteristic of a Peltier element.
With Oy = 0, it follows from (14) that: .

ATy = Tw — To = 3ZTc?, (18)

.where Ty is the lowest attainable temperature on the
cold side. The value ATy of AT is reached at I = Ip =
aTo/R, when QOx = 0. At a given T'w the value of
ATy is evidently determined entirely by Z. ATy, like
Z, is therefore on the whole independent of the dimen-
sions; the associated current value Iy at given values of
Tw, a and o is however determined by the dimensions.
If AT is neglected in comparison with Tw, then AT is
proportional to Z. Fig. 10 gives curves of AT against
T+, after (18), for various practical values of Z.

The following comment should be made in connection with

(18) and fig. 10. It can be seen in fig. 10 how AT decreases as Tw *

decreases. Because of this Peltier cooling is not advantageous
with low starting' temperatures, e.g. after pre-cooling by con-
ventional means or with the aid of a cascade arrangement. It
follows from (18) that not only ATo but the relative temperature
reduction ATo/Tw as well becomes smaller as Tw decreases.
This means that there is little prospect of being able to employ
Peltier cooling in low-temperature physics. If, for example, a
value of Z = 3 X 10-3 °C-1 had been achieved (assumed tempera-
ture-independent), then at Tw = 260 °K a temperature reduction
of AT = 60 °K would be attainable, which is of technical signi-
ficance. At Tw = 10°K however, the temperature reduction would
be merely an insignificant 0.15 °K.

The cooling power diagram is greatly simplified if a
linear approximation of (14) is used, in which AT is neg-
lected in comparison with Tw. In this approximation
(see fig. 11), it follows from (14), using (16) and (18)

that:
(1-25)
AT, .

If we take for Ny in (19) the value for AT =0:
Ny = ZLTw?, then (19) is a fairly good approximation
even if AT is not particularly small compared with T.
The error in (19) is zero for 4T = 0and AT = ATo; the
maximum error is 8.5 to 10 % for Z=2to 3 X 10-3°C-L,
This accuracy is quite sufficient for practical purposes.

From the foregoing it may be inferred that a Peltier

“element, at a given temperature Ty for the hot side, is
fully characterized by the maximum temperature re-
duction ATy, the current Iy at which it is reached, and

- the electrical power required Ny (or the voltage Vi

across the element). These quantities can be determined
by means of a simple experiment in which the current

: On ~ +Nu
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Fig. 10. Maximum temperature reduction ATy as a function of
the hot junction temperature T'w, aﬁer equation (18), for various
values of the figure of merit Z.

is varied until the maximum temperature reduction is
established, the temperature of the hot side being kept
constant. Once these quantities are known, the maxi-
mum cooling power Qw at any 4T can be read from the
diagram. The amount of heat Qw to be removed from
the hot junction, Qw = Owm + Nm, which is an im-
portant quantity in heat exchanger design, is then also
known (as is also the efficiency 7y = Qm/Nm). The re-
lation between the quantities which is expressed in the
cooling power diagram therefore makes a calorimet-
ric measurement of Qu and Qw unnecessary.

The voltage required to establish the optimum cur-
rent Iy, and hence the maximum cooling power QOw,
is:

Vu = IuR + odT = aTx + oadT = oT'w.

This voltage, for a given semiconductor combination

Ny

ATy

———’AT

Fig. 11. Cooling power diagram after equation (19), giving the
maximum cooling power Qu as a function of the temperature re-
duction AT. AT, is the maximum temperature reduction. Ny is
the electrical power consumed at AT = 0.
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. (i.e. for a given a) depends only on the temperature of
the hot junction T'w, and not on ‘AT or on other
factors, such as the figure of merit or the dimensions.
Thus, for compounds derived from bismuth telluride,
for example, a &~ 3.5% 104 V/°C; for Tw = 300 °K,
V is then a2 0.105 volt.

In practice it is usual to connect a number of Peltier
elements together to form a chain. A-particular cooling
power under particular temperature conditions may in
principle be distributed over any number of elements.
The optimum current is then inversely proportional to
the number of elements, since a) the cooling power and
therefore the electrical power per element are inversely
proportional to this number, and b) the voltage over an
element is however independent of the number of ele-
ments. It follows from (15) that the appropriate re-
sistance per element, and therefore the ratio of length to
cross-section of each arm, is proportional to the num-
ber of elements. The voltage over the whole chain is
also proportional to this number. The choice made will
depend on various technical considerations, such as the
space available for the elements, the area of the hot
junctions and the nature of the current source employed.

Itis evident that the cooling power diagram of fig. 11
and equation (19) are also valid for chains of elements
and Peltier batteries if Oy and N are here taken to
mean the rotal maximum cooling power and the
corresponding total electric power.

Fig. 12 shows by way of example the cooling power
diagrams for three types of Peltier battery. The curves
are drawn for Tw = 300 °K. They can however also
be used for other temperatures Tw' at the hot junction.
One then only has to multiply the values given on the
ordinate by (Tw'/Tw)? as (14) and (16) show with Tx =
Tw; the value of ATy associated with Tw' can then be
read from fig. 10.

25wt
20 PT 20/20
q
TM 5
0
{PT 1/20
sl PT 47/5
0 1 1 1 1
0 02 04 06 0,8 1
—— AT/4R

«

Fig. 12. Cooling power diagram for three types of Peltier battery.
The diagram shows the maximum cooling power Qx as a func-
tion of the temperature reduction AT divided by the maximum
temperature reduction AT, at Tw = 20 °C and ATo = 50 °C,
for the types:

PT 20/20 at I = 20 A, Var= 2.0V,

PT 11/20 at Inn = 20 A, Vu = 1.1V,

PT 47/5 at Iy = 5.5A, Va =~ 4.7 V.
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As there is relativély little demand for a high efficiency in pres-
ent applications, we have so far left it out of account. Neverthe-
less, it is interesting to know what efﬁcieni:y can be achieved, and
indeed the question would become very important if, for example,
materials with a better Z could be developed. ‘

The maximum efficiency at given values of 7w and AT (or Qx)

_is found from 07/dI = 0, where = Qx/N and using (12) and

(13):
_ MTx —Tw
7?0 = m, ...... (20)
where )
M= |/ 14 Z (v +Tw). @1

At given Tw and Tk the maximum efficiency no is therefore de-
termined solely by Z, 70 being a monotonic increasing function
of Z. Fig. 13 gives curves of 770 as a function of A7 for Tw = 300°K
and for various values of Z. It should be noted that 7 is not lim-
ited to values between 0 and 1, but can theoretically assume all
values between 0 and oo. If # is to be used as a measure of the
“quality” of a Peltier element, in particular for comparison with
other cold pumps, care should be taken for what temperature
difference the comparison is made. If, for example, one takes
AT = ATy, then Qx = 0 and hence = 0; this applies however
to any cold pump. Another point of fundamental importance in
such comparisons is the cooling power for which the cold pump
was designed. The efficiency of a Peltier element does not de-
pend on this whereas the efficiency of a conventional compressor-
type refrigerator drops steeply if the rated cooling power is re-
duced. An economic comparison can therefore only be made on
the basis of detailed technical data for the cold pumps in question.

[Tw =300 % |

LN _
RN\ Ny
N DAL
I T~
oo 10 20 \30 40 \50°c

AT

Fig. 13. Maximum efficiency 70 as a function of the temperature
reduction AT for various values of the figure of merit Z. The hot
junction temperature here is 7w = 300 °K.

.Choice and development of thermoelectric materials

Figure of merit of the material v
Although the figure of merit Z = o2/RL (eq. 17) is
chiefly determined by the thermoelectric properties of

the materials used, it still depends to some extent on the-
dimensions of the Peltier element. By appropriate
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choice of these dimensions, which affect the value of Z
through the denominator RL, a particular material can
be given a maximum Z. As the two arms of the ele-
ment are electrically in series, but in parallel for heat
conduction we have: ' ‘

RL=( In + Ip ) (thN_l_quP)’
ONgN  Opqp In Ip

where Iy, Ip are the lengths, g, gp the cross-sections,
on, op the electrical conductivities and iy, Ap the
thermal conductivities of the N-type and P-type mat-
erials. The geometric quantities now appear only in the
combination: S

_ e
In gp’
so that A
A A 2 12
RL="F 4 22 N, "2
ON op op g ON
This expression has a minimum at:
__1/op Ap '
—i on AN
and the corresponding maximum value of Z is: »
ap — an 2
z= — (23)
[1’ Anjon+ Vap/ QP]

We have therefore obtained, as a criterion for the per-
formance to be obtained from a semiconductor com-
bination, a figure of merit determined solely by the
physical properties of the semiconductors. This figure
of merit, which had already been found in principle by
Altenkirch (2, is the criterion in most general use, al-
though others are also employed.

As a measure of the thermoelectric quality of a single
semiconductor another figure of merit can be used, viz:

zy = ay2on/An or zp = ap’op/ip 29

for N-type and P-type materials respectively. Although
an unambiguous figure of merit for a complete ele-
ment cannot be calculated from (24) and (23), the use
of (24) is justified in practice since almost invariably the
absolute values of a and ¢/A in N-type materials are
approximately the same as those in P-type materials,
while ax and ap are of opposite sign. It then follows
from (23) that: z &~ zy & zp.

In equation (22) the ohmic contact resistances of the element
should really be taken into account as well. In practice, however,
it is found that in quantity-produced Peltier elements, the con-
tact resistance has a negligible effect. The fact that for production
reasons the dimensions of the element are not entirely optimum,
is also of no significance in practice. In all practical cases, then,
equation (23) gives the effective figure of ‘merit for the complete
Peltier element and this is determined solely by the thermoelectric
properties of the material. )
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Semiconductor properties and figure of merit

When looking for suitable materials for thermo-
electric applications the initial requirement will be a
high figure of merit z = a20/4. It is not possible to
make a reliable choice on purely theoretical grounds,
but the following considerations may serve as a guide.
In practice the choice is still to a great extent an empiri-
cal one.

The charge-carrier concentration » has an important
bearing on the estimated figure of meritfora given mat-
erial. The situation is represented rather schematically
in fig. 14, in which a, 0, a%0 and 4 are shown as func-
tions of n. As n increases, a decreases (because the mat-
erial becomes increasingly degenerate, see page 116),
o increases (¢ = ney, where p is the mobility of the

(¢}

1 1
o 0® 0® w07 0®

a b c
A /
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/ >‘e
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’011 727 3 10 5 10 17 7019 7021 7023 Cm-.?
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Fig. 14. The quantities a, 0, A and «20 as a function of the charge-
carrier concentration #, (this is a very schematic representation).
a insulators; b semiconductors; ¢ metals. Az and A are the res-
pective contributions to 4 due to lattice and electronic thermal
conduction.

charge-carriers) and a2¢ has a maximum, which is in
the region of n = 1019 cm~3 for all semiconductors.
The thermal conductivity is the sum of the lattice and
the electron thermal conductivities: 2 = Ag + Ze. Al-
most always in semiconductors e < Ag, so that as a
first approximation one may neglect e in comparison
with Ag Since Ag is independent of n, the value of z
also has a maximum at n ~ 1019 cm™3, -

In metals Ao is dominant. Because of this /4 is constant (Wie-
demann-Franz law), and therefore z is proportional to a2, Be-
cause of the relatively low values of a in metals, the values of z
that can be attained are also very low. The failure to find materials
suitable for thermoelectric applications, until a few years ago,
was due to the fact that research up till then had been confined
almost exclusiyely to metals. -
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The reasoning that leads to a maximum of z for semiconductors
at n = 10 cm=3 is not entirely correct. While it is true that the
optimum concentration of 10!? cm—3 is reached in the semicon-
ductor region, this concentration is so high that the electron gas
in the semiconductor becomes strongly degenerate. Equations
(9) and (10) are therefore no longer valid, while at the same time
the mean mobility # of the charge-carriers becomes dependent
on their concentration. When this is taken into account, it is even
found that in some cases a?0 no longer has a maximum. By what
appears, on the face of it, to be a coincidence the electronic
contribution to the thermal conduction Ae then ensures that
- there is still a maximum for a20/A 3 and once again the maximum
is at n ~ 10 cm3,

It is in two respects a fortunate circumstance that the
optimum value of » lies in the region of 101% cm—3,
Firstly this value lies in the semiconductor region —
the very region in which the concentration of charge-
carriers can be adjusted by doping. The exact doping
required for optimum results has to be determined by
experiment. Secondly, the doping of about 1019 cm—3
which is required is already so high that thereisno point
in specifying a chemical purity greater than about
1019/1023 = 10-2 9, for the starting materials (assuming
approximately 1023 atoms or molecules per cm3). Com-
mercial grades of starting material usually meet this
requirement, so that it is not necessary —as with germa-
nium and silicon for transistors, where the concen-
tration has to be about 1016 cm—3 — to reduce the
chemical impurities to about 1059, by zone refining.

There still remains the question as to which semi-
conductors have the highest figure of merit at optimum
doping. Let aopt and gopt be the values of a and o at the
optimum charge-carrier concentration nopt. A some-
what simplified theory shows that aopt is independent of
the particular semiconductor properties: aopt A~ 2k/e
(= 172 pV/°C); in practice aopt &~ 200 to 300 wV/°C.
For oopt we have oopt = noptep. The optimum concen-
tration nopt is itself dependent on the structure of the
relevant energy band, which is related to the effective
mass of the charge-carriers m*; theoretically, nopt
oc m*312, From (24) it now follows that the maximum
figure of merit is proportional to um*3/2/;, and this
is therefore also a kind of figure of merit. The various
quantities involved here are interrelated in a compli-
cated way. For example, u/1; shows some tendency to
increase with increasing atomic weight, which means
that semiconductors of high average atomic weight
are generally more suitable than lighter compounds.
The compounds derived from bismuth telluride, which
have proved so far to be the best thermoelectric mat-
erials, do indeed have a high average atomic weight.
On the other hand, it is possible for instance to lower
the lattice thermal conductivity i, by making mixed
crystals, the lattice waves being strongly scattered if the
crystal lattice consists of irregularly distributed atoms
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of widely varying mass. When this is done the elec-
tronic structure should change as little as possible, and
in particular the mobility of the charge-carriers should
not be reduced. The mixed crystals must therefore be
alloys of chemically closely related compounds with
analogous valencies, whose constituent elements have
atomic weights which are as different as possible. The
lattice thermal conductivity is not the only factor de-
termining the optimum ratio of the mixed crystal. The
effective mass m™* is also affected by this ratio; in
bismuth telluride and its associated isomorphous
compounds, it has a maximum at a different ratio from
the one at which the lattice thermal conductivity is a

‘minimum. The best ratio has to be found by experi-

ment.

Preparation and properties of semiconductors derived
from bismuth telluride

The semiconductor materials which have given the
highest figures of merit and which are usually used for
Peltier devices, are bismuth telluride BisTes and the
mixed crystals of this and the isomorphous compounds
bismuth selenide Bi2Ses and antimony telluride SbeTes.
These crystals are rhombohedral. The mixed crystals
with BisSes, which are doped with say I or Br, are
used as N-type material, while the mixed crystals with
SbsTes (doped for example with Pb) constitute the
P-type material. The crystal structure can be regarded
as a hexagonal laminated structure, in which the layers,
each consisting of one type of atom, are arranged in
the sequence ... Telll — |Te[11 — Bi — Telll — Bi
— Telll — JTelll . . | These crystals are easily cleaved,
probably owing to the weakness of the bond between
the Telll layers. The plane of cleavage is perpendic-
ular to the ¢ axis.

The semiconducting material is generally prepared
by one of the following two methods. a) The melting
method, in which the compounds are melted together
and the melt is frozen in a particular direction by the
“normal freezing” or Bridgman method, to avoid
cracks and blowholes and to produce a good single crys-
tal. b) The sintering method, in which the previously
melted compounds are finely ground, sieved, com-
pressed and finally sintered. In the following, for brevity
we shall refer to drawn or to sintered material.

Because the crystals are easily cleaved, the drawn -

material is brittle and therefore difficult to handle.
Sintered material which has greatermechanical strength,
is easier to handle but its figure of merit is somewhat
lower. This is connected with the anisotropy of
the thermoelectric properties, as a result of the

€21 E. Altenkirch, Phys. Z. 10, 560, 1909 and 12, 920, 1911.
81 J. D. Wasscher, W. Albers and C. Haas, Solid-State Elec-
tronics 6, 261, 1963. o .
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laminated structure. While there is scarcely any
difference between the thermo-e.m.f.’s parallel (i1) to
the cleavage plane and perpendicular to it (L), the
electrical conductivity and the thermal conductivity
. parallel to the cleavage plane are greater. than those
perpendicular to it. It is found experimentally that:

(on/o)wv,p > (/AN p.
The ratio o/A in the figure of merit thus gives:
(O'”/IIH)N’p > (O'J_//IJ_)N,P, so that (Z”)N,p > (ZJ_)N,p.

Peltier elements of drawn material in which the cleav-
age planes are oriented parallel to the direction of the
current therefore have a better figure of merit than ele-
ments of sintered material in which the crystallites are
randomly oriented but evenly distributed. Fig. 15 gives
the measured maximum temperature reduction AT
as a function of the hot junction temperature T'w for
Peltier elements of both drawn and sintered material.
By means of the curves for constant figure of merit
(derived from eq. 18) one can read from fig. 15 the
figure of merit that occurs in practice for a particular
starting temperature. The temperature-dependence of
the thermoelectric properties is then also taken into
account, but in any case this has relatively little in-
fluence on the ﬁgure. of merit in the temperature inter-
val measured. In connection with these measurements
it should be noted that extra heat conduction losses
have been avoided by means of evacuation, and heat

[+
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780 200 220 240 260 2680 300 320 340 360K
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Fig. 15. Maximum temperature reduction ATy as a function of the
hot junction temperature Tw, for Peltier elements made from
semiconducting’ materials derived from bismuth telluride. The
solid line relates to- drawn material, the broken line to sintered
material. The ctirves for constarit figure of ment from fig. 10, are
given for companson
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radiation losses have been avoided as well, by cooling
the measuring equipment down to a few °C above the
temperature of the cold junction of the Peltier element.

For semiconductors derived from bismuth telluride,
neither the optimum mixed-crystal ratio nor the opti-
mum doping is particularly critical. This probably
accounts for the somewhat surprising fact that the fig-
ures of merit of Peltier elements madeinproductionquan-
tities by various manufacturers show very few differ-
ences (about 1%) at all values of T'w between about
—90 and 4100 °C, in spite of the undoubtedly different
doping and mixed-crystal ratios that were employed.
The manufacturers concerned have obviously managed
to obtain about the maximum figure of merit from
their materials. These remarks apply to elements made
of drawn material. The same can be said of elements
made from sintered material, but — as mentioned
— the figures of merit are slightly lower. The curves
in fig. 15 are typical for these figures of merit, which
therefore could be taken as standard figures of merit
for Peltier devices derived from bismuth telluride.
At Tw A 300 °K (room temperature) the figure is
2.8% 1073 °C1 for elements of drawn material, and
2.4%10-8 °C-1 for sintered material. The difference in
the figures of merit of sintered and drawn material is of
little practical significance. We have been discussing the
figure of merit of the complete Peltier element and not
that of the individual materials derived from bismuth
telluride. For these materials peak values are often
quoted (e.g. 2.8x10-3 °C-1 for N-type material and
3.5x10-3 °C-1 for P-type material) which, in principle
should make possible higher figures of merit for the
complete element. The curves in fig. 15 should not be
extrapolated, for it is quite possible that the figures of
merit may drop considerably just outside the region in-
dicated.

If Peltier elements or chains of elements are made in-
to complete Peltier batteries with cover plates and plas-
tic cases etc. (or if the elements are encapsulated in a
plastic material) additional heat conduction losses will
occur which can reduce the “effective figure of merit”
of the battery by as much as 209;.

Power supply

Thed.c. current supplied to a Peltier battery often con-
tains a ripple which can lower the performance of the
battery. With increasing ripple the ratio of the mean
value of the current to the r.m.s. value is smaller; the
mean value determines the Peltier effect, the r.m.s. value
determines the Joule heat. The drop in performance due
to this is often overestimated, and it is assumed that the
ripple current must be kept to a very low level. Calcula-
tions on the effect of the ripple (which can easily be
verified by measurement) show however that a ripple
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in the supply current causes only a slight decline in the
maximum refrigerating capacity or the maximum tem-
perature reduction. When there is ripple in the supply
current the figure of merit is apparently reduced by a
factor 1/(1 -+ w)?, where w is the ripple factor (the
r.m.s. value of the ripple divided by the mean total
current). The effect of the ripple on, for example, the
maximum attainable temperature reduction AT, can
be calculated with the aid of (18); fig. 16 shows the rel-
ative decrease of ATy as a function of w. Since the de-
crease is almost independent of Z, it is given only for
Z = 25x%x10-3°C1,
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Fig. 16. Relative decrease (4To— A Ty’)]ATp of the maximum tem-
perature reduction as a function of the ripple factor w of the
supply current for Z = 2.5x10-3 °C-1, ATy’ and AT, are the
maximum temperature reductions for ripple factors of w and 0.

As an example let us take a d.c. current with a super-
imposed sine wave (see fig. 17a). The ripple factor is
w = I.[In)/2. If the ratio of I to I is about %, i.e.
w is in the region of 189, then the decrease in the
maximum temperature reduction is a mere 29;. As a
further example let us consider a rectified alternating
current as supplied by an ordinary rectifier circuit
without smoothing filters. The ripple factor of this
current (see fig. 175), which may consist of any num-
ber of sine pulses, is expressed by the number of
current pulses p per cycle:

27 : oz
: 3 sin——(2)sine 2. 25)
psin z/p 4w p 4z 4

The values of w calculated from this expression are
listed below for some commonly used rectifier circuits.

p |win % type of rectifier circuit

2 48.2 single-phase full wave, bridge circuit
3 18.3 star circuit

4 98 | —

6 4.2 three-phase full wave

8 24 —
12 1.0 —
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Fig. 17. Examples of a d.c. current with superimposed ripple.
a) Sinusoidally modulated d.c. current. I, average current. I~
amplitude of sine wave. b) Rectified alternating current consisting
of four sine pulses (p = 4).

From these values and fig. 16, it can be seen that,
even with a simple rectifying circuit without elaborate
smoothing filters, a good approximation to the per-
formance achieved with a pure d.c. current can be ob-
tained.

Practical Peltier batteries: design and applications

Peltier elements are well suited for cooling small
objects which do not require a high cooling power, and
for stabilizing the temperature of such objects. Typical
examples are specimens or samples in physical chem-
istry or medical laboratories, where the quantities of
material used are generally small or the measuring
equipment contains temperature-sensitive components.
Fig. 18 illustrates some simple applications, intended
as practical aids in laboratory work.

For this kind of application any number of Peltier
elements can be joined together to form a battery
with any required cooling power. The shape of the
battery is eilso, readily adaptable to the object to
be cooled-.gf to a particular arrangement (e.g. as a
plug-in. unit)."

A great ddvantage of this purely electrical method of
refrigeration compared with the use of say, liquid
baths or compressor-type refrigerators is the facility of
continuous and accurate control by means of the
supply current. This enables exceptional temperature
constancy to be achieved. The object can also be made
to undergo rapid temperature variations or passed
through a prescribed temperature cycle, since the ele-
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Fig. 18. Peltier cooling devices for laboratory use. The photograph shows a specimen table
with thermometer, a test-tube cooler and a cooling and heating device mounted in a micro-
scope, and an adjustable d.c. source. The partly liquid-cooled Peltier batteries in the right fore-
ground are laboratory models of various sizes, consisting of 12, 20, 30, 40 or 100 clements.

ment supplies heat to the object when the current is
reversed.

Fig. 19 shows the Peltier batteries types PT 20/20
and PT 11/20, which operate at a current of 20 A and a
voltage of about 2 or 1.1 V respectively (the first figure
in the type number gives the number of elements).
To avoid the difficulties associated with the supply
of such large currents, another type was developed,
PT 47/5, which is designed for 5.5A, 4.7 V, and has
the same cooling power as the PT 11/20.

The heat generated in Peltier batteries can best be re-
moved by liquid cooling, and the types contained in

.
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Fig. 19. Peltier batteries types PT 20/20 and, in tight plastic cas-
ings, PT 11/20 and PT 47/5. The heat generated is dissipated by
cooling fins and a liquid flowing through a cooling jacket. In-
stead of a copper plate as a thermal contact, the cold side may
also be provided with cooling fins, for cooling a liquid or a gas.

plastic casings are provided with a cooling jacket.
Tapped holes are provided for fixing the battery to the
object to be cooled.

Fig. 20 shows an example of an air-cooled Peltier

Fig. 20. Ring-shaped Peltier battery, which is air-cooled by a ra-
dial fan (average diamcter 80 mm). The metal connecting pieces
between the elements are in the form of blocks with 24 cooling
fins each, these being thin copper plates (5 X 11 % 0.2 mm) spaced
0.2 mm apart. The 20 elements are embedded in a perspex flange,
which can be used to attach the battery to the object to be cooled.
The fan motor and the guide vanes for the cooling air have been
removed.
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battery: the unusual shape is chosen to give more effec-
tive cooling. Tominimize the heat conduction path each
metal connectio n piece at the hot junction is in the form
of a block with 24 cooling fins consisting of thin copper
plates of 5x11x0.2 mm, spaced 0.2 mm apart. A
single radial fan can be used to cool a fairly large num-
ber of elements arranged round it in a circle; the cool-
ing air passes through one element at a time so that no
element receives air that has already been heated. In
this design the heat generated in a 20-element ring-
shaped battery (this may be as much as 45 to 60 watts,
depending on the temperature difference between the
hot and cold junctions), can be dissipated without the
temperature of the hot junction rising more than 3 to
6 °C relative to the ambient air temperature.

A few simple small thermostats can be seen in fig. 18,
these are satisfactory if there is no need for a very con-
stant temperature. One of the thermostats is a test-tube
cooler, consisting of an aluminium block with holes for
the test-tubes; the block has several Peltier batteries
attached to it. The other thermostat is a cooling table
for beakers and other laboratory glass-ware. With
these devices it is possible to maintain temperatures
of —40 “C and above (depending on the temperature
of the cooling water) constant to within 0.1 °C: con-
trol is effected with the aid of a thermometer in one
of the holes of the test-tube cooler or in a separate
metal foot on the cooling table.

Technical requirements sometimes make it neces-
sary to cool the object under investigation with a
current of air or gas; it may be necessary to prevent con-
tact between the object and the heat-transferring com-
ponents. For instance, in the measurement of the tem-
perature coefficient of the capacitance of miniature cer-
amic capacitors there would be errors due to stray
capacitances if the capacitors were directly fixed to
the metal at the hot junction. The cooling wind tunnel
shown in fig. 21 was designed for this special purpose
(dimensions 240 x 150 x67 mm). Tt is equipped with
four water-cooled Peltier batteries (laboratory models)
of 40 elements each; in this device the metal connec-
tions at the cold junction have cooling fins for heat
exchange with the air-stream. This apparatus, which
has a cooling power corresponding to that of about
7 batteries of the PT 20/20 type, can refrigerate an
object to —35 °C at an ambient temperature of
20 °C, and with cooling water at 12 °C.

An example of an application with stricter require-
ments for temperature constancy is a cooling device
developed in this laboratory by H. Polnitzky [41. This
device (shown in fig. 22) stabilizes the reference tem-
perature of thermocouples at freezing point (0°C). With
the aid of several Peltier elements, a layer of water
about | mm thick is cooled until it freezes. The layer
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Fig. 21. Cooling wind-tunnel. Dimensions 240 x 150 X 67 mm.
Circulating air is cooled (left) by four Peltier batteries (labora-
tory models) and flows to the right along the objects to be cooled.
The four batteries are distributed over two plug-in units. One unit
has been detached and its thermal insulation removed. The fan
motor for the air circulation can be seen at the top. The objects
to be cooled are introduced through an opening on the right,
which is not visible here.

has a much lower resistance in the liquid state than in
the frozen state. The change in resistance at 0 °C con-
trols th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>