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CHAPTER 6

ELECTRONIC DEVICES
CATHODE RAY TUEES

1.  Comstruction and Operation

The Cathode Ray Tube (CRT) is the principel display device in
most radar systems., It can be thought of as en indicating device with
8 very light pointer which has no inertia. The pointer is, in fact,

a beam of electrons which can be deviated by means of electric or
magnetic fields, Where the electron beam impinges upon the fluore-
scent screen of the tube it forms a spot of light, and as the beam is
moved the spot traces out a pattermn on the screen which is called the
Trace. The brightness of the spot can be altered by the application
of puitable potentials so that the trace may be made brizhter in some
parts than in others. In some tutes the trace on the screen is trans-
itory and disappears as soon as the electron beam is displaced, while
in others there is an afterglow period so lhat the trace remains
visible for some time arter the electron beam is moved.

It is instructive fto compare the intermal construction of a
CRT with that of a triode. In a triode the control prid is used to
vary the quantity of electrons reaching the anode so that the elec-
tron stream from the cathode is intensity modulated., In a similar
way.a cathode ray tube has a cathode to produce a stream of electrons
which are accelerated by an anode system and can be intensity modu-
lated by the variation of potential difference between the control
electrode and the cathode, The electron stream, however, needs to
be concentrated (focused) in & narrow beam so that after it has
passed through the ancde system it produces a small sharply defined
spot of light.

The beam of electrons can be changed in direction by an

electric or a megnetic field or can be wmodulated in intensity, or both,
and the effects will be made visible on the fluorescent screen., If
the beam of electrons is deflected repidly und repeatedly the moving
spot of light will produce a persisteni trace on the screen, Inten=
sity modulation of the beam will vary the number of electrons reach-
ing the screen in a given interval of time and so alter the brightness
(brilliance) of the spot or trace (Fig., 264).

The cathode ray
tube consists essentially

of'j-
(1) The eleotron BEAM OF ELEC
gun (or, simply, EEciGe  Gliail Underteesesy™
13!'3 gun) comp= ANODE
rising:~ a
cathode which
) h

acts as a source H =
of electrons;

a control elec-
trode which e
alters the CATHODE DEFLECTION BEAM OF ELECTRONS
electmn concens SYSTEM I.DEFLECTED)

tration in the

beam; and an

anode to acceler— Fige 264 - Schematic layout of CRT
ate the electrons. ’
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Chap.6, Secte2,3,4

(ii) A focusing system which is commonly (in electrostatic
fecusing) part ef the gun.

(41i) A deflecting systems
(iv) A fluerescent screen.

(v) An evacuated glass bulb,

2. Types eof Tubes

(i) The mest cemmon type of tube used in radar is the hard tube
in which the glass envelepe centaining the electrode system is
sealed off after the air pressure has been reduced te about .'I.O'Sm.
of mercury., The accelerating petential may have a value from about
500 V to about 5 kV. depending en the size of the tube; tubes
normally have screen dismeters between 1 and 15 inches.

(i1) Soft tubes, in which the ges pressure is about 0+Ol mm, ef
mercury, are also in use, They usually employ an accelerating
potential whese value lies between 200 and 1000 V. This type eof
tube has serious disadvantages cempared with the hard tube (Sec. 14)
and is not commonly used. '

3. ZIhe Cathode

The cathede is usually ef the indirectly heated type and
cengists ef a smll nickel tube clesed at ene end, The emisaive
substance (2uwh as a mixture ef barium and strentium oxides) is
situated in a depressien in the clesed end of the tube and the heater,
supplied with an alternating voltage (from 4 te 6.3 V. depending en
the particular CRP) is inserted threugh the open end ef the tube.

The beam current is ef the erder of 30 - 300 micreamps. Directly
heated filaments are wot commonly used as cathedes except in seft

tubes, since if they are supplied with an sltermating voltage the

electren stream is likely te be adversely affected.

4. The Anode

The anede is mounted & shert distance frem the cathede on
the side nearer the fluorescent screen, apd usually (when the anede
is also part eof the fecusing system) takes the form ef a disc with
a hole about 1 mm, in diameter in the centre. When the anede is
simply an accelerating electrede, it often takes the form of a cendue-
ting layer of carbon particles (aquedag ceating) on the inside surface
of the glass envelope ef the CRT.

The petential of the ancde is maintained at some hundreds or
thousands ef volts positive with respect to the cathede in order te
accelerate the electrems. Some electrons travelling at a high speed
from the cathede are cellected by the ancde, whilst seme pass through
the hole and continue te travel dewn the tube until they strike the
fluerescent screen. The electren beam is divergent, due partly to
the mutual repulsien of the electrons as they pass down the tube, and
partly to the angle at which electrons frem different parts ef the
emltting surface pass through the anede aperture. This divergence
tends to cause the spot of light en the fluerescent screen te be
large and diffuse. To meke the spet =mall and well defined the elec-
trons must be made te converge s¢ as te strike the screen over as
smell a&n area as pessible. A focusing system (Seos. 11 - 12..) is
used feor this purpose.
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5. The Control Electrode (Control Grid)

Only a suall proportion of the total number of emitted
electrons pass through the hole in the anode unless the electron
stream from the cathode can be compressed into a nmarrow beam which
can pass through the anode aperture. This compression is performed
by the Control Electrode which usually takes the form of a hollow
nickel cylinder surrounding the cathoue, It is called the Shield,
Wehnelt Cylinder or Grid, the last name being generally used because
the electrode has a control on the beam current similar to that
exerted by the control grid of a triode valve on the anode current.

If & potential, negative compared with that of the cathode, is applied
to the grid a region of minimum potential is produced in the neigh~
bourhood of the cathode. The immediate effect of this potential
minimum is to reduce the divergence of the electrcm stream, Increas—
ing values of negative potential on the grid cause the electron
stream to become more and more compact until at some optimum value

the mejority of the electrons pass through the anode aperture.
However, if' the negative potential is increased beyond this value
there is an appreciable reduction in the beam current. In a valve
the ancde current is reduced in a similar manner, The brightuness

or brilliance of the spot on the CRT screen depends on the number of
electrons reaching the screen in a given interval of time and so is
controllable by the potential on the grid. The grid potential can be
made sufficiently nezgative so tnat the grid field neutralises that

or the ancde, Then the bewn 2i electrons is cut orf and the spot

of light on the screen is "blacked out". This correspon.s to cut-
off biss on the grid of w iricde,

6. Brilliance

The intrinsic brillicnce of” the spot depenis on the energy
contained in the beam. It i, -herefurs, proporticoal to both:-

(i) The square ot the s _icity or the electrons, which
depends on the poitential dirference between anode and
cathode, and

(ii)} the current density {number of electrons striking the
screen per unit interval of time) of the bea. which
largely depends (Sec. 5) on the potential difference
between the grid and cathode.

If the spot is swept over the screen the esergy of the illum-
ination is spread over a large wrea, Hence, on the assumption that
the frequency with which the movement of the spot ls repeated remains
constant, the greater the magnitude or speed of this movement, the
leas the apparent brilliance of the trace., Thus, nigh speed and
large tubes require high ancde voltuges in order to produce adequate
brilliance. When the spot is staticnary the brightness must be
reduced to & minimum (by control of the grid-cathode voltage), other-
wise the persistent electron bombardment causes & portion of the
screen to lose its fluorescence; the tube screen is then said to be
"burnt® and no {luoresccnce appears afterwards at this place.

7. The Fluorescent Jcreen

The screen consists of a translucent layer of fine powder
adhering to the end of the tube. The emission of light during the
actual stimulus of tne pesm i bupoea flucrescence;  light rhieh
continues to be emitted after the stimulus has been removed is due to
phosphorescence and is called Afterglow. The material of the powder
determines the colour of the trace, and also the duration of afterglow.
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The dexirability er etherwise of using a screen with long afterglow
depends en the purpose for which the tube is to be used.

The behaviour ef the screen, inclwding its luminous efficiency,
depends greatly on the purity ef the compound used. Such substances
as oalcium t ate (blue~vielet trace), zinc silicate (green), zinc
phosphate (red} and preparations of zinc sulphide and zinc cadmium sul-
phide are a few from amoengst those that may be used, A minute trace
of an Activator such as silver er cepper is necessary to prodwe the
maximun luminous efficiency, which is ef the erder of 1 - 5 candle
power per watt, In a good many cases afterglow of a screen is limited
teo a few micreseconds, and*by the additien ef a suitable "killer®
such 23 a cempeund of nickel, it can be cut dewn te & fractien of a
micresecend. When it is necessary to examine & trace leng af'‘ter the
stimulus giving rise to it has ended, a screen with a long afterglow
ef several seconds may be used; auch a soreen may censist ef zinc
sulphide with a cepper cempound as an activater,

8. Screens with Multi Layers

In general it is found that when a screen has an afterglow
of shert dwratien the build-up time for the light te reach maximum
intensity is shert and the average intensity is high., Hewever, when
the screen has an afterglow of long duration the build-up time eof
the intensity of the light is comparatively leag and the average
intensity is low. 1In erder to obtain leng-afterglow characteristios
with a higher average intensity of light it is pessible to use a
screen consisting of two layers of different fluoreacent materials.
The electren beam strikes the first layer and causes it to emit
ultra=violet and visible blue light. The afterglow duretisn of
this layer is usually & small fraction ef a second. The ultra-
violet light acts en the second layer (nearer the face of the tube)
and causes the emission from it ef visible light (usually yellew).
The afterglew duratien ef this layer is of the erder ef a few secends.
An arrangement of this kind is found to give a cemparatively high
average intensity of illumination combined witn leng af'terglow,
Since it has been arrenged in this case that the blue light is eof
short whilst the yellow light is eof leng dwratien, it -ia pessible,
with suiteble light filters, te arrange for the screen te show the
characteristios ¢f either shert er long afterglew. Thus if the move-
ment of the spot is viewed threugh a filter capable ef passing blue
light enly, then the short afterglew is seen. If, however a yellew
filter is used, only the leng afterglew characteristic is visible.

The use of screens with multiple layers allews fer the
pessibility ef distinguishing between these mevements ef the spot of
light which are regularly repeated at a fixed pesitien en the screen
and these which are net, This pessibility is ef great importance
in radar applicatiens, Suppese fer example that ene layer ef the
screen, with shert afterglew charecteristics, emits red light when
activated, whilst anether layer, with leng afterglew emits green
light, If movements ef the electren beam are regularly repeated,with=
in a peried shorter than the duratien ef the afterglew, and at a fixed
positicn on the screen, the green light can grew in intensity in
comparisen with the red., If the mevements ef the beam of electrens
are not repeated at the same positien en the screen the green light
at any ene position will not attain sny aprreciably intensity and the
briefer emissien ef red light will predeminate.

9. The Skiatren or Dark-Trace Tube

Screens are salse in use whose materials react te the stimulus
of the electren beam by a change of celowr rather than by fluerescing.
This celouration is most marked in the ocase ef certain ef the alkall
halides, and the final celour obtained varies with the salt used for
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the material of the screen. 1In general the material used is
potassium chloride, and the electren besm causes a dark magenta stain
where it strikes the white sereen.

. The staining does net die away ingtantaneously on the removal
ef the exciting electren beam. There is in fact an'ufterglew" - if
such & term can be applied te a dark mark formed on a white background.
The rate of the decay of the colour is found to depend mainly on:=-

(i) +the initial intensity of the marking on the screen, the
decay taking leonger, the more intense is the initial mark;

(ii) the intensity and celour ef any light imcident en the
screen frem an external source, the decay being more
rapid the greater is the intensity;

(iii) the tempersture ef the screen, a rise in temperature
resulting in a mere rapid decay.

If the face of the CRT is brightly illuminated, it and any dark trace
on it can be projected a3 in an episcepe en te a large ground-glass
screen. In this way megnified images of the stains en the face of
the tube can be obtained, Mercury light is usually chosen as the
illuminant for the screen for twe reasens. In the first place, it
is rich in the yellowish=-green light band, a celewr which is approx-
imately complementary of the magenta stain, so that there is good
centrast between the colour ef the sereen and that ef the stain,
Secondly, light ef this colour is the most active in producing the
decay of the stains. When the screen is illuminated with a single pulse
of intensity of about 70,000 foot-candles of mercury light the stains
last for about 10 seconds. For repeated excitation the stains will
cbviously last very much longer.

The type of tube described above is commonly called a Skiatron.

10. The Glass Envelope

The end of the glass envelepe, on which the fluerescent screen
is depesited, has a curvature which is consistent with mechanical
strength, It is worth noting that the end of a tube ef dismeter 12
inches carries & load of i ton due to atmospheric pressure alone,

FOCUSING SYSTEMS

1l. General

The necessity for focusing the electren beam was discussed in
Sec. 4o There are three methods available:=-

(i) Electrestatic - with hard tubes,
(ii) Magnetostatic - with hard tubes.
(iii) Gas - wvath soft tuves,
Bach of those three methods has its own advantages and disadvantages

but (i) and (ii) are in common use in radar whereas (iii) is rarely
used.

12, Electrostatic Focusing

This form of focusing utilises the effects of suitably shaped
electric fields en the electron beam, The effects are very similar
to those obtained when a beam of light passes through materials of
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different eptical refractive indices. In this connection & new
branch ef applied science, known &s Electron Optics, has come into
existence, and meny of the terms used are borrowed direct frem
physical eptics. '

A ray of light is refracted if it passes from a medium of
one refractive index te a mediun eof anether. If the refractive
index of the first medium is smaller than that ef the secend, the
ray of light is bent towards the line normal te the boundery ef the
twe media. If an electren, meving with wvelecity uj through a region
of constant petential V] passes inte & regien of censtant potential
V2 its welecity is eltered and its path changes direction at the
boundary between the twe regiens. If wy (preportienal te the
square-reet of V1) is less than up, (preportional te the square-roet
of V2) the path of the eleotren is bent tewards the line normel te
the boundary; (PFig. 265).

NORMAL NORMAL
|

SMALLER

REFRACTIVE REGICN OF
INDEX

1

I

| CONSTANT
{ POTENTIAL
|

|
|
|
|
| 2V
' I

BOUNDARY BOUNDARY

REGION OF
CONSTANT

| cREsTER POTENTIAL
. s v VELOCITY 2 | =v2
RAY OF LIGHT ELECTRON PATH
V2 >V

Fige. 265 - Befraction of ray of
light and of eleotron beam.

In most cases considered in electren optics the change ef
petential frem one region te another is gredual and the path ef the
electron is curved. 1In Pig. 266 the electron is shown passing
threugh a region ef constant potential gradient, the direction ef its
initial mevement making an
angle with the lines ef
electrestatic ferce. 1In
electren eoptica the equi~
petential planes, all at
right-angles to the lines

of electrestatic ferce, INITIAL DIRECTION
are equivalent to swfaces e OF ELECTRON
of constant refractive HCAEASING - \\/

index 1ln physical eptics. 1N \\

The electron undergoes . \‘—“‘\ PATH OF
continuous refractien as ELECTRON
it passes through the LINES OF ELECTRIC FORCE
equipotential surfaces, mmeeomees LINES  REPRESENTING  EQUIBGTENTIAL

and if it is moving frem SURFACES

regiens of lewer te

regions of high potential, Pig, 266 - Path of electron moving
its path always tends te through uniform accelerating
ceincide more and mere electrio field,

with a directien perpend-
icular te the equipotentisl plemes. This last statement is true what-

ever the shape ef the equipetential surfaces. In an accelerating
field an electron is deflected towards the normel to the equipetential
surfaces; in a retarding field it is deflected away from the normel.
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4 set of electrodes having rotational symmetry about an axis
can be used to produce & symmetrical electrostatic field which has
properties, in electron optics, somewhat similar te those of a lens
in physical optics. Fig., 267 shows a simple type of electron lens
which is produced by placing a plate with & circular hele in it
between two other plates and then fixing the potentials of all three
so that there are different potential gradients on the twe sides of
the centre plate. Fig., 268 shows a more cemplex type of electron
lens. This lens is preduced by itwo coaxial cylinders at different
potentials, If the potential of the second cylinder is greater than
that of the first, the equipotential surfeces are distributed es shown
in the diagram. An electron which enters the first cylinder at a
small angle to the axis experiences a force towards the axis while it
is passing through the first cylinder and en to the second. As the
electron enters and passes through the second cylinder. it experiences
a force away from the axis. The convergent angular deflection exceeds
the divergent because the electren remains longer in the convergent
portion ef the lens, and therefore a ziven rorce can deflect it
through a greater angle. The resultant converging action of an elec-
tren lens consisting of two gylinders depends on the dimensions and
relative spacing of the cylinders and on the ratioe of their potentials.

The simplest method of achieving electrostatic focusing of
the beam 1n a CRT is shown in Fig. 265. Here the focusing system
consists of tvo cylinders neld at different potentials, both pesitive
with respect to that of the cuthode. The cylinder nearer the grid
(First anode) is commonly at a potential ef the order of a quarter of

295



Chap.€, Secti,12

that of the other cylinder
(Second Anede) with respect
te the cathede. The point
to which the electron beam
is focused is determined

by the ratio ef the potent-
ials of the first and
second anodes. This ratio
must be adjusted so that the
focal peint is brought to
the fluorescent screen.
This change in the ratio of e =~ touoTENTIAL SURFACES

the potentials on the twe

anedes is usually obtained

by altering the potential Fig, 269 = Two-anecde foocusing
of the first anode, gystem of CRT.

"
L AMIS OF
f' I SYSTEM

With the two-anode system it is found that the controls of
focus and brilliance are not independent. Change of wvoltage of
the first anode (focusing) affects the intensity of the beam
current (Sec. 6) and, therefore, the brilliance, whilst adjustment
of the voltage of the grid alters the focusing to & small extent.
This is to be expected when it is realised that any change of
potential of any electrode will afiect the potential ratios and
accordingly medify the focusing of the electron beam.

When, as is usual
in radar applications, it

ita;a::equir:d ;: pr:dme ;3 GRID OR SHIELD CONDUCTIVE CCATING
sharp spet whose focus N
almost independent of the c,nmone] 2ND- ANODE

brightness~centrol, a
three-anode focusing
system is used (Fig. 270).
It differs frem the tweo-
anede type by the addition
of an extra anode on the
side nearer to the grid.
This new electrode is - Three-ancde

called the first ancde and F;;‘.;tﬁ focusing
is commonly, but net always,
kept at the same petential
as the third anode, nearest the screen. The middle electrode, or
second ancde, is usually at an appreciably lower potential, about
one-third or one quarter ef that of the two other electredes,relative
to the cathode. Peocusing is usually obtained by a variation of the
potential of the second anede.

15T ANODE ]‘
HEATER 3RT ANCDE

The aaditienal anode, between the grid and the fecusing anode,
can be ceompared te a certain extent with the additional grid which
converts a triode to & tetrode, Variations in the electric fields
on the side of the additienal electrede remote from the cathode are
thereby screened and have little effect on the field near the cathode.
Thus, variation of the potential of the second anode of a foecusing
arrangement does net appreciably alfect the intensity of the beam
current, i.e. the brilliance. The presence of the first anode also
mininmiseg the small effect of changes of grid petential on the focus-
ing system formed by the second and third anodes. A further advan=-
tage ef the three-snode system lies in the relative independence of
the deflection system on the focusing arrangements. In the two—-anode
tube variation of the first anode is liable to vary the wvelocity of
the electrons between second anode and screen, and hence te affect the
deflectional sensitivity.
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The size of the spot obtainable by the above method is directly
related to the accelerating petential used. If the petential differ-
ence between the third ancde and cathede is lew ne ameunt of juggling
with electrede design or relative petentials can preduce a sharply
focused spet. Typical potentials at the electrodes ef a three-ancde
CRT, whose screen diameter is 12 inches, are as followa:-

Cathode - 4000 V.
Centrel electrode - 4010 te =4050 V. (variable brilliance).
Second anode about = 3000 V. (variable focus),

Pirst and third anedes 0OV,
The customary use of negative electrods potentials is explained in Sec.27.

"13. Megnetestatic focusing

In magnete~-
statically focused
tubes there are ne
fecusing electredes
inside the tube.

A steady magnetic
field is directed
aleng the axis ef
the tube by means
of & ceil, supplied
with direct current
(er pessibly by
means of permanent
magnets) mounted
round the neck ef
the tube beyend
the anede, (Figs.
271 and 272).

Twe
metheds are
pessible;-

(1) Using a
uniferm
axial field.

(ii) Using &
nen~uniferm
field with
large radial
compenents,

Methed (ii) is the
ene used in practice.

Consider an
elasctren of charge &
meving with veloecity
u &t right angles to
a magnetic field H.
The electren will
experience a fercoe
Heu at right angles
beth te the field
and directien of
motien (Fig. 272).

WIRE COILS BEAM [ELFCTRONS
( TAKE TWISTED PATH)

!
/

GRID

CATHODE SorT eRON
.

HEATER CONDUCTINE
COATING

MAGNETIC COIL POSSIBLE ANODE
(FRONT HALF REMOVED) CONNECTION

Fig, 271 -~ CRT with magnetostatic

focusing.

H INTO PLANE OF PAPER

DEFLECTION FORCE

ON ELECTRON BEAM COMING OuT OF

PAPER (CONVENTIONA
CURRENT INTO PAPER

® ® @ @
«
® @|® 6
@ @10 @
FORCE
(Heu)
@
A AN
DIRECTION OF R \:" ELECTRON BEAM

RESULTANT
MAGNETIC FIELD

®

Fig, 272 - Force acting on an electron moving

in a magnetic field,
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This force may be comsidered as generated by the interaction of
the applied field H and the magnetic field due te the electron
current, as illustrated at (b).

It is this force on an
electron travelling in a
netic field which is utilised
in magnetostatic focusing.
The field used is axially 5o
symumetrical and is produced in o @"g

practice by placing a coil yﬁ‘l&i;”:
aP—dn

inside a soft iron cover with

gap. When current flows through /’—\\\W

the coil the field produced is @ @
siailar to that produced by the M
two annuli c(>f north ;md gouth
polarity; (Fige 273)a A and ——= DIRECTION OF ELECTRON FLOW
B are neutral points. ggé:glgg CORRENT O oapeR
Before discussing the
focusing action ef the ceoil, Pig, 273 - Magnetostatic field of

we note that:= focuaing coil.

(i) in their travel frem cathede te screen the electrons
spend most ef the time in space which is free from
megnetic fields ef significant magnitude.

(ii) the electrons are moving with a high velecity aleng er
very near te the exis, Hence enly a radial compenent
of the field will produce an appreciable deflecting
force in such & directien as te cause the electron te
spiral about the axis.

Observation of the lines-«f ferce reveals that there are twe
regions P and Q where the radial fields are relatively large. Near
the axis the radial cempenent is beund teo be appreximately preportienal
teo the distance frem the axis. The space R between P and Q centains
a large axial magnetic field and near the axis this will be virtually
cenatant, A simplification of such a magnetic field is shown in Fig.
274. A nen-axial electren
entering regien P will start
retating about the axis,

When it leaves P it will have " R a
attained an angular velecity HH -— HH
proportionsl te its distance’ LU e AL
from the axis., 1In the FIELD -— FIELD
figure this velecity will be Wy =— Il

inte the plane ef the paper FIELD FIELD
abeve the axis. In regien INCREASING INCREASING

R this velecity being per— OUTWARDS OUTWARDS
pendicular te.the axial —— - ELECTAON FLOW

field will cause the elec-

tron te meve towards the Pige 274 = Ideslised magneto-
axis, Thus en leaving static focusing field,

regien R in addition to its
rotation abeut the axis the electren will have & radial compenent eof

velocity. This radial cemponent will be prepertional to the angular
velecity with which the electron entered the region R, Thus the radial
velecity will be appreximately propertienal te the distance ef the
electren frem the axis on entering P.

The electren new enters region Q. The radial field here can
have no effect en the radial velecity but it will reduce the angular
retatien; since the tetal imward flux at Q is equal to the total out-
ward flux at P the ultimate angular velecity will be zere, but wwlly
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rotation of the imaze exists. Thus an "off axis" electron leaves
the field with a velocity towards the wxis. This velocity is pro-
portional teo its distance from the axis on entering the field. It
can be shown that, provided the disposition and intensity of the
magnetic field are suitably adjusted, all the electrons diverging
from a point on the axis

outside the field will

after passing through

the field converge to

anether peint on the

axis.

A
Broadly speak- CATHAGE e
ing, at A ef Fig. 275 " SCREEN
there is wice the FyELD

divergence at B, but

the electron is twice
a8 far from the axis

50 that the radial

— 3. ELECTROM FLOW

velecity after passing Fige 275 - Direction of electron
through the field will paths entering and leaving focusing
be twice as much. field.

By suitable adjustment of the position of the coil and
the current through it the focal point at which the electrons con=
verge can be brought to the screen of the GRT.

14. Gas Fecusing in Soft Tubes

A small guantity of imert gas such as argen or helium,
admitted after the tube has been fully evacuated, provides the
focusing action of the electron beam. The grid potential is
usually about 50 volts below that of the cathode and practically
all the emitted electrons go through the hole in the anode as a beam
of small divergence. The cathode potential is nermally between 300
and 500 volts negative with respect to the anode.

As the electrons pass along the tube from the grid, many
cellide with the gas melecules, and ionise them so that electrons are
ejected and comparatively heavy and slow-moving ions are left behind.
The positive ions form a core which exerts a considerable attractive
force en the negative electrons. Provided the number of ions formed
is sufficiently great the mutual repulsive force of the electrons is
more than counterbalanced,and it is possible to converge the stream
to give & spot on the screen of less than 0°5 mm, diameter.

The comparatively short life and dependence of focus on
brilliance in soft tubes using gms focusing makes them unsuitable for
mest radar applications. Alse, the inertia of the positive ions
intreduces a lag in the focusing wction so that for rapidly varying
deflection wvoltages the focus is impaired. Soft tubes, however,
have the sivantage that intensity of illuminations of the sereen can
be accemplished with a low accelerating potential., External power
supplies are, therefore, simplified, and since the electrons are
moving comparatively slowly, they can be deflected easily. Such
advantages explain the use of soft tubes in some types of oscillo-
graph, but even here they are being replaced by hard tubes using
electrestatic or magnetostatic focusing.
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DEFLECTION SYSTEMS

15. General

It is necessary that the electron beam should be deflected
after it leaves the final anode. In its simplest form the deflec=
tion system is such that the beam of electrons can be deflected to
and fro in a direction at right-angles to that ef the beam.

There are two types of deflection systems, electric amd
magnetic; these systems are applicable to both soft and hard tubes,

16, Electric Deflection

An electron situated in a umiform electric field experiences
a force in the directien of the field. Consequently a beam of
electrons passing through a transverse electric field will be deflec-
ted. This deflection is usually ebtained by applying a petential
difference to a peir of parallel plates s¢ situated within the tube
that the beam passes between them
shortly after it emerges from the
fecusing field; (Fig. 276). The

beam experiences a ferce proper- DEFLECTOR

tional to the field strength and PLATE SCREEN
therefore to the petential

difference between the plates. NEGATIVE ELECTRON
It is bent tewards the more h‘l PATH
pesitive of the two plates and Fiecp !

the velecity compenent which PORITIVE

the electrons acquire, at

right angles to the axis of the CEareom

tube, persists after they leave
the deflector plates until they
hit the screen, If the peten~

tial difference between the Fig, 276 - Deflection of
deflector plates is constant the electron by pair of parallel
beam is permenently deflected, plates.

Steady petential differences

called Shift Voltages are used to adjust the initial pesitien of the
spot of light on the screen. 1If an alternating petential difference
is applied to the plates, the spet is swept to and fre acress the
tube and, if the frequency is sufficiently great, persiatence ef
visien will cause it to appear on the screen as a trace.

It is pessible to
ebtain deflections in twe
perpendicular directions by

:mi?imu&?:’?:t emflgfﬁgl HORI IKO-NPT'::T EDsE FLECTION
plates in the neck of the J'
glass envelope, (Pig. 277),

cne set of plates being =
mounted nearer the screen ( ‘?ﬂ
than the other, Thesze twe

sets of plates are called Y- PLATES
the X and Y pla.tee, to VERTICAL DEFLECTION

indicate the directions of
the two deflections relative

to the structure of the tube.

To allow for the deflection Fige. 277 = Deflector plate
of the beam, the plates are assenbly.

not usually parallel throughout

their whole length but usually

diverge towards the screen. The

width of the second pair of plates (the pair nearer the
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screen) is larger than that of the first pair to allow for the
deflection of the beam by the first pair, It is pessible, by the
application of sultably varying veltages te the two pairsef plates,
te produce & trace at any desired inclination to the X and Y axes.

The deflection sensitivity of a CRT employing electric de-
flectien is given by the deflection of the spot in millimetres for
& potential difference of cne volt between the twe deflector plates.
This deflection is found to be inversely proporticnal te the poten~-
tial difference between the cathode and final anode, on the assunp~-
tion that the mean potential of the deflector plates is the same as
that of the final anede. Soft tubes are nomally operated at
much lower anode potentials than hard tubes, se their electric de=-
flection sensitivity (about O-5 mm/V.) is usually greater than that
of hard tubes (about 0-2 my/V.)

ssew Derivation of Electric Deflection Sensitivity (Fig. 278)

Let:=-
{ pbe the length of the deflector plates,
t the distance between the plates,

S the length of the tube from the centre point of the
deflector platea te the screen,

e the magnitude of the charge on an electron,
m the mass of an electron,

Vo the potential difference between the final anede and
the cathode of the CRT,

Vp the potential difference between the plates,

u the velocity of an electron on entry.

T Tgd s

£ Al

s . 1

l_..l_.'._..:...L ‘%lr#qr z l
£ er’*q;, '§' o

Fige 278 = Electron undergoing electric
deflection.

v
The field-strength between the plates = —f
v Q
The ferce en an electron = ._.Pt’_

Since force = mass x acceleration then the acceleration ef

v
the electron towards the positive plate = --E-‘ﬁ

The time the electron is moving between the plates = E
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Since displacement = %,acceleratien x (time)a then the
transverse displacement at the end of the plates is

. ' Vp.e £2
given by 4 = z. 2

tom.

But the kinetic energy of an entering electren = 3 mu’ « loss
of petential energy as it passes frem csthede to final ancde =
e.V,, se that mu? = 2e Va.

Therefore d = f..z. * .YP.

bkt Vg

Since the deflecting force is at right angles to the axis eof
the tube (initial directien of metion ef electren) the elec-
tron path is parabolic and the peint A, the spparent érigin
of the deflected beam, is halfway aleng the plates,

Therefore the displacement en the screen is g‘ﬁ'!n by

n-%};_
2.
wf Va

Then the displacement en the screen per unit of petential
difference between deflector plates, i,e. the defleotisn

sensitivity, is given by % - i

Fer a glven tube and plate dimenaions, the deflectlion senmi=
tivity is inversely proportional te Vg (petential differemce between
the oathode apd finel anede). Sirce V.o = § mu? the deflectien
sensitivity is invarsely preporticnal te the asquare of the velooity
(u) of the eleatren.

For & given value ef V, , the oleser the plates, er the longer
thelr length, er the longer the tubs frsm the plates to the soremm,
the greater is the deflectien mensitivity., The use of a long tube,
hawaver, introduces Aiffioyulties in preduning & good foous. The
foousing syatem has ne centrel over the elsotren beaxm ence 1t has lef%
the system and, dus te tha mubual replualon of the eleatrons, the
more remote the sareen the Less sharp will be the feous. Herse a
:mtr;nhe is nsoesasry between good feous and high deflectien sensle

.

17. Nagnetio Deflsotien

It is eften convenient to preduce the defleotien of the eleo=
tron beam by a transverse magnetio field, Thim is preduced by a
palr of wimllar colls, ene en each side of the neok ef the glass
envelcpe, Thene twe oeils are in series and are se wound that they
produce a magnetisc fleld in the sames direction asrcss the neck of
the glass envalope, Alternative arrapgements &re shown in Fig,
279. The field is perpendicular to tha direction of the eleotren
besx se that tha deflectieh is at right angles both to field and
beam (Ses Sea. 13)

A stesdy current through the.pair of colls produces a constant
defleotien of the speot; an alternating curvent sweeps the spet te
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and fre te form a

trace. Since the

deflection is a

radial one, per= CLRRENT..
pendicular to

the directien of

the field, the

locatien of the

1
spet on the !
screen dependa '
on the pesition |
of the ceils. !

Y

- Pair“ ofm" WAGNETIC. FIELD
coils at right- @)
angles to the

first pair

deflects the

spot in a direc-

tion perpend=

icular to that

of the deflaction DIRECTION OF
due to the MACNETIC FIELD
first pair of

ceils. (Fig.

280). By

supplying each

pair ef coils p
with a suitably )

varying current

& trace can be

pretiged il Koy Fig. 279 - Alternative methods
desired inclina- of producing 'sapnetic deflection.
tien to the X

and Y axes.

‘X DEFLECTION
% DEFLECTION COILS
COILS

v’ DEFLECTION ’\
o S A =

colL
x' \\g -
Y DEFLECTION =
COILS
| | S
=
1

c J
o

o,

5 AY

Q <

(2 (b

Fig, 280 -« bil assembly for
producing magnetic deflection.

With magnetic deflection the deflection sensitivity is found
to be inversely proporticnal to the square reot of the potential
difference between final anode and cathede, Thus the deflection
sensitivity with magnetic deflection of soft tubes (low ancde voltage)
is greater than with hard tubes (high anode voltage) but the differ—
ence is not so marked as with electric deflection where the deflec-
tien sensitivity is inversely proportional to the potential difference
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between cathode and finzal anocde.

sww Derivation of Magnetic Deflection Sensitivity (Fig. 2681)

If an electron
moves into a uniform

megnetic field se that FIELD: &

its direction ef motien - >

is at right angles te s '8 AXiS_OF TUBE

the field, it will Nt

experience a force £

perpendicular beth te 2% o0 § >
the field and to the e, 9
motien. &

Let m be the electrenic
MAsSS » Pig, 281 =~ Electron undergoing

e be the electrenic
charge,

H be the magnetic field strength,

Vs be the petential difference between fipal ancde and cathode
of the CRT,

{ be the extent of the magnetic field (assumed uniferm),

s be the distence to the screen from A, the apparent origin
on the axis of the deflected beam; (this is approximetely
the centre of the field),

u be the electron welocity.

Then the force en the electren is Heu,

s¢ that the acceleratien is E&B.

If this force acts for a time t, this causes the electren to be
deflected & distence d &3 (H2Y 2.

{ . . 2
Since t =, this gives &q%gzg ‘-!:9
2
,ﬁs_{.

2 mu

The deflection D ef the spet en the screen is then given by n'a,% a.

2
If we take AB appreximately equal te 'én this becemes D = '275%

i fﬂ ge
* mu

Writing 4 m = eV,, We have

ua"‘ Qm.. 4
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that D &= [—2 .
soh&D.szanv

Henoe the deflection sensitivity, ;; is given by

= {e,. "2&07. .

For given tube dimensions and arrangement eof ceils the de~
fleatien sensitivity is inversely proportienal to the square root
of V Alternatively it is inversely properticnal te the welecity
of tke electren.

B

Per a given V,, the longer the tube frem the coil te the
screen er the mere extensive the field, the greater 1s the deflec~-
tien sensitivity. The use of a leng tube, hewever, leads te a

. deterieritien ef fecus,

In practice megnetic deflectien sensitivity is eften measured
in millimetres per milliamp ef current threugh the ceils instead ef
per unii ef magmetic flux,

DISTORTICNS AND THRIR CORRECTICN

18, egium Distertien

Trapeziva distertien can eccur in all CRTs in which electric
deflectien is utilised, but it is mere apparent with hard tubes since
in these much higher veltages must be applied to the deflector plates
te preduce full scale deflectien, This distertion arises because
the petentials ef the deflecter plates nearer thk screen, say, the
X-plates may affect the deflectien sensitivity ef the ether pair,

the Y-plates.

If the mevements of the spot
£ill the face ef the tube as in
televisien and in certain radar dis-
plays the effects ef trepezium dis=-

tortien are mest neticeable., The o
rectangular picture (or Raster) is Al s
altered te a trapezium, shown Al

detted in Fig. 282, thereby giving
the pame to this type of distertien,

It has been thought that
trapezium distertion is due te the
interaction between the electric ,
fields eof the twe pairs ef plates. Ll
However, it can be shewn that it o Sa
can be preducdd if only one pair N
of plates is uvsed, the deflectien
at right-angles being caused by
m::tic weans, If the electric

tion system is nearer the Fig. 282 ~ Trapezium
screen than the msgnetic deflec-
system trapezium distortien can
scour.

Consider the Y-deflection to be produced magnetically.
Suppose & pesitive petential of, say, 500 V. is applied to the upper
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X-plate (Fig. 283(a)),
the leower plate
being earthed, as are
the finel anede and
glass envelepe. The
equipeotential sur=
faces will be dis-
tributed in & manner
similar to that
illustrated., Now
consider them cut by
a plane mid-way
between the X-plates
and containing the

beam, which has

already been deflec~

ted magnetically in X-PLATES
the Y=plane. This (a)

cress section is

illustrated at (b)., = —-=o———— EOUIPOTENTIAL SURFACES
The field distribu=-

tion sacts as an ¥ —DEFLECTION

electronic lens T

"

(see'Sec. 12), the
beam being deflected
towards the normal
to the equipotential

surfaces on enteri
(accelerating fiw
and away from the
nermal en leaving
(retarding field).
Thus in the case AR
illustrated the Y-
deflection is de=~
creased by the X~
plate potential (b)
distribution.

Similarly it may be

shown that if ene

of the X~plates is Fig. 283 - Cause of trepezium

negative with res-
pect te the final distortion.

anode the Y-deflec=
tion is increased.

-~_fm
N
;i
[~

-

If electric deflection is used fer both X- and Y-displacements,
the application of deflecting petentials te the Y-plates modifies the
appearance of the field produced by the X-plates; but even when this
actien is taken inte account, the lens field preduced by the X-plates
still alters the Y-deflectien in a manner similar te that described
abeve,

One method of reducing trapezium distortion is te wse a
balanced deflection weltage for the pair ef plates, say X-plates,
nearer the screen. If the deflecting potentisl epplied te one plate
at any instant is equal in magnitude and oppesite in sign te that
applied te the other, the petential of the space midway between the
plates in the path ef the beem is appreximstely constant and the Y-
deflection is not altered.

Alternatively deflector plates cerrected for trapezium dig-
tortion may be used (e.g. if the tube is used in a double~beam
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oscillescope). The pair of deflector plates nearer the final anode

is so assembled that the plate separation is not constant: that is,
the plates are not parallel, Hence the deflection sensitivity depends
upon whether the beam traverses the region between these plates at a
point wherc the plate separation is small or great. In the former
case the sensitivity is greater than in the latter. So if the plate
separation is cerrectly tapered, compensation for trapezium distortion
can be achieved,

Another
method is to —
shape the plates DEFLECTING
nearer the screen APPLIED. 16 X CherLEcTIon.
(x’phtes) s tmt THIS PLATE <

these plates produce
a deflection which
has a cemponent

in the ¥ darection (@
so taat the trape-

zium distortion

effect ies counter=- L7y EQUIPOTENTIAL
acted. This S LINES
methed is illus— fi

trated in Pig. porae. <1 11

284(a), where "N

the X=-plates are \f}:\

showa te be curved. R

The arrows indic=- 7

ate the direction )

ef deflection

produced by the Pig, 284 - Shaped piates to clininave
X-plates. A trepezium distortion,

practical example

of shaped X-plates

is shown in Pig. 284(b); the equipotential lines (shown dotted in
the diagram) are curved and the effects are similar to those obtained

with curved X-plates.

It should be noted
that if' this method fer

correcting trapezium dis- I
tortion is employed it _"__\—-'
operates only if the I SCREEN

deflecting voltages applied Y- PLATES l

X = PLATE

to the plates nearer the

screen are unbalanced and FINAL ANCDE L
also only if the correct

plate is earthed (cennected (@)

to the final ancde).

X~ PLATES

A more satisfadory
methed for correction of
trapezium distertion is
shown ia Fig. 285. By
shaping the X-plates as
shown the equipetential
lines at F (Fig. 283(b))
can be made concave as seen ccREEN
from the final anode, Then if ' b
the potential distribution (b)
is such as to cause the

beam to be deflected Pig, 285 - Altermative mood
towards the normal at F for correcting forr trepezium
distortion.
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it will be deflected away from the normal at E, so that the deflec=
tion introduced is outwards at F and inwards at E. A similar
argument heolds if the *

field at F is retard=-

ing instead eof accele-

rating. The oppesing w

deviations ef the beam :

at ¥ and E can now be
balanced by cerrect
shaping of the plates
and trapezium dister=
tion can be avoided.
The shaped and sletted
screen, which is :
connected to the final e
anede and placed

between the X-and Y-

plates (Fig. 286) is Fig, 286 - Astignatism produced

necessary; etherwise
the equipotential lines by optical lems.

tend te bulge inte the

space between the Y-plates., This cerrection methed does net affect
the symmetiry of the X-plates and balanced def’lectien potentials may
be applied or alternstively either X-plate can be earthed.

With magnetic deflectien, if' the field due to & pair eof
deflector coils ie net uniferm acress the neck ef the CHFT, the
distance the spot moves when on ene side ef the screen will net be
the same as when it is en the other. Suoch &n arrangement will
produce & distortion similar in appesrance te trapezium distertien.

19, Deflection Defocusing

The speed of the electrens in the region of the deflection
system depends upen the petential difference between the defleotien
system and the cathode. It is important thet this should remain
constant since a variation in speed would meve the focus eff the
screen, If unbalanced veltages are applied to the deflector plates
the mean potential of the deflection system dees net remain censtant
and defecusing may eccur. Thus if the focus 1s correctly adjusted
at tue centre of the screen it deteriorates &3 the distance from
the centre increases. This phenemenon is cslled deflectien defocus=
ing and may be avoided by the use of balanced deflection veltages
or by magnetic deflection,

20, Agtigmatic Digtertion

In order to understand the meaning ef' the word astigmatism
consider first the fecusing of an erdinary light beam by passage
through & convergeat lens. (¥ig., 286). If the lens is symuetrical
about the axis 07 the ameunt of cenvergence is equally great in all
axial planes, and a sharp spot of light is produwed in.the focal
plane, If the convergence is & maximm in the plane XX'Z and a
minimun 1n the plane YY'Z then the beam will be converged to & line
focus at two positions AA' and BB', these lines being in mutually
perpendicular directions, The best focus ebtainable is at C where
the beam is converged to & circular focus, but of finite size. '
This type of defect often occurs irn the lens of the eye and gives
rise to the defect of visien knownas astigmatism, ’

In a cathede ray tube it someties happens that the ekectric
lens is asymmetrical due to misaligmment of the electrode system
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in the tube. When this occurs it is found that manipulation of
the focusing contrel preduces a sharp line on the screen in cne or
other of twe perpendicular directions, or a circle of finite size,
but never & small sharply defined spot. This fault is said to be
due to the presence of astigmatism in the tube.

Astigmatism can be corrected by having the mean potential
of each pair of deflector plates separately adjustable at a value’
other than that of‘the final anode. This mean potential of a pair
of plates should be independent of shift voltages and variable de=-
flection voltages. Such an arrangement introduces deliberate dis-
tortion into the electric fields between the electrodes so as to
counterbalance the distortion producing the astigmatism.

21. Bulb Charge and Deflector Plate Current

When the main electrons in the beam strike the screen they
eject secendary electrens from it and it is these secondary elec=
trons trevelling to the anode whicn make the major contribution te
the anede current. The potential of the screen becomes negative
to that of the anode by an amount sufficient to ensure that equili-
brium cenditions are set up, i.e. the rate a2t shich secondary elec~
trens leave the screen to go teo the ancde is itne same as the rate
of arrival of the primary electrons at the screen. The potential
difference developed is of the erder of 100 welts,

Wit some tubes the screen pilcture disappears if the glass
of the screen is touwshed. This minor defect is due to the induc-
tion o' & large negative charge ou th2 screen, sufficient to repel
the beam electrons se that they never reach it. The picture will
reappear after a short time, working its way back Irom the edges
of the screen inwards, as the charge lesxs awiv,

The electrons returning from the scrcex should pass te the
fipal anode which is nermally at esrth potential., If, however,
the steady petential eof a deflector plate is positive with respect
te earth, electroms are drawn te this plate. This effect may be
likened te the flow of grid current in the input circuit of a walve
amplifier (Chap. 9, Sec, 3). The noum-linearity which is introduced
in either case by the flew of current does not produce appreciable
distertien unless the input resistance of the leflection system or
valve circuit 1s sufficiently small as to be cumparable with the
output resistance of the securce of volisage.

Errors due to deflector plate current distorticn can there=-
fore be reduced by feeding the deflector plates from a source of low
sutput resistance, e,g, from a cathode follower. The electron
current drawn by the deflector plates can be minimised by construo-
ting the electrodes in such & menner that the deflecter plates are
shielded by the final anode, er by arranging that the maximum poten=
tial applied te any deflector plate does mot rise appreciably above
final anode potential (this latter method is not usually practicable).

22, Sirey Fields Leading to Distortion

Alternating magretic fields frem components such as trans-
fermers and chokes act en the electron beam ani may lead to an
oscillatory metion eof the spot so as to draw it out inte a line or
ellipse. The effect can be distinguished from normal defacusing
because it is net removed by alteration of the fecusing contrels.
In some cases the earth's magnetic field may iantroduce a deflection
which varies in magnitude and direction as the position of the tube
is changed relative to theearth's field. The usual way of over—
caming the effect of stray magnetic fields is to surround the tube
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with a mu-metal shield, If the shield is also earthed it protects
the beam from any strey electric fields which may be set up by nearby
apparatus, :

23,  COMPARISON OF FOCUSING AND DEFLECTTON SYSTEMS

For smell tubes with screens up to about 5 in. in diameter,
it is usual to employ electrostatic focusing and electric deflection
systems. This arrangement is convenient since it avoids the use of
deflection equipment outside the tube, If electric deflection is
used with larger tubes, involving high accelerating voltages, it is
necessary to place the deflector plates of each pair close together
in order to obtain reasonable deflection sensitivity, However, if
the plates are too close together there is a danger that the beam of
electrons will strike the edge of a plate before full deflection can
occur so that the beam will be cut off from the screen., This effect
can be minimised by increasing the plate separation towerds the
screen, but this arrangement has limitations and the method of
deflection by megnetic fields is probably preferable,

When magnetic deflection is used it is important that the
deflecting field, over the area of cross-section of the neck of the
tube, be uniform in order to avoid errors of defocusing. O(ne wy of
ensuring that the field is as uniform as possible is to meke the
area of cross-—section as small as possible. If this is done it is
often convenient to use magnetostatic rather than electrostatic
focusing zince the latter involves the insertion of a complex
electrode gystem inside the neck of the tube, There is alweys the
danger that the electrodes in an electrostatic focusing system nay
be miseligned., 'This fault will give rise to astigmatism whaich can
usually be corrected, but only at the expense of fairly complex
externsl circuits, A magnetostatic foecusing system can be adjusted
in position to avoid such astigmatism. However, it is not a simple
matter to adjust a foous coil in position so as to be sure of
obtaining the best possible focus attainable, and in spite of the
possible disadventages outlined above electrostatic focusing systems
are often preferred.

2hks  POST-DEFLECTOR ACCELFRATION

To avoid the difficulty, inherent in the normsl hard tube,
of poor deflection sengitivity, tubes are scmetimes used in which a
large part of the acceleration of the electrons takes place after they
have been deflected, It is then possible to arrange that the beam
is deflected when at low velocity so as to uive a good deflection
sensitivity, and yet for the beam to have a large velocity when it
strikes the sareen so that a bright trace is obtained, A tube of
this type is shown in Fig., 287 end involves the use of an extra anode
in the form of a narrow ring of aquadag coating on the glass envelope

DEFLECTING
SYSTEM

G==—

ACCELERATING AND .
FOCUSING ELECTRODES A

CONDUCTIVE COATING
FOST- LEFLECTOR ANODE

Fig, 287 - Extra electrode assembly
for post-~deflector acceleration.
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Just before the screen. This anods is usually maintained at about
twice the potential of the last anode of the normal accelerating
system, This method of working is called Post-Daflector Acceleration.

25, DOUBLE-BHEAM TUEE.

This is a tube of special oonstruction in which the beam,
after leaving the final acoslerating anode, impinges on the edge of a
splitting plate pladed midway between the Y-pletes, The aplitting
plate is copmected to the final anode which is at earth potentisl.
The besm is thus split into two sections (Pig., 288) eech of which cen
be deflected almost independently in the Y-direction by voltages
applied between ¥; andurthmdl’.’z and earth. As might be expected,

the potentialq applied to, say, the Il plate affect to some extent
the '!‘2 trace end vioe versa. A positive voliage at the T;-plate
produces an upward deflection of the spet whilst at the Izdplnte it

produces a downward deflection, Both besms traverse the X-plates in
the usual way, and are deflected simulteneoysly in the horizontal
direction. This tube is of particular use in an osaillograph where it
15 desired to exsmine two potentials simultsmeously.

X2

Y| TRACE

Y: TRACE

SPLITTING PLATE

SPLIT BEAM

Fig, 288 ~ Electrode assembly to produce
double (or split) beem.

It is possible by the use of extermal circults to produoce
a double trece on en ordinary tube, Here the Xumovement of the
spot is made to cocur succsssively first across, ssy, the lower half
of the screen, and then aoross the upper. In this case corre
vertical displacements on the two treoes do not occour simulteneocusly.

POWER SUFPLIES AND SHIFT NETWORES
26,  Genersl

Steady potentials are required for the various elecirodes
of & cathode ray tube, Thus, for a three-anode tube with electro-
static focusing, steady potentials are needed at the cathode, grid
and the three anodes, A tube with magnetostatic focusing normslly
requires steady potentials for cathode, grid and one enode, and aleo
8 supply of direct current for the foocus coil. Electric deflection
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involves steady potentials for use as shift voltages so that the
victure traced on the (BT screen may stert from a convenient point.
Marnetic deflection needs direct currents for producing shifts.

27. Power Supplies

The power supply for an electrostatically focused tube
should be capeble of supplying high voltages of the order of 5000
volts for a large tube, but need supply only a amall current, The
total loed current taken by the (BT is usually less than + mA,
Half=wave rectification is therefore all that is necessary, and the
smoothing circuit of the power unit can employ a resistor, rather
then a choke, The high voltages required for the larger (RTs may be
obtained by means of voltage-doubler circuits.

3rd ANODE O _L [

2nd ANODE Focus l
Ist ANODE O} — AcC

I - SUPPLY
CATHODE |
o L

<

D
BRILLIANCE

NEGATIVE LINE

Fige 289 = Supply circuit for three-snode (RT.

It is advisable to have condensers across all points of
supply which ere connected to the tube, otherwise a voltage ripnle on
the supply might be commmicated to the electrodes z0 as to cause
veriations in brilllance or focus of the traces A typicel supply
circuit, suitable for a three-ancde electrostatically focused CRT
(or for the anode, cathode end grid of a tube with magnetostatic
focusing) is shown in Fig., 289.

As shown in Fig, 289 the third anode is at earth potential
whilst all other electrodes shown are at negative potentials, This
is because the deflector plates in a tube with electric deflection
are connected to circuits in which it is convenient (but not essential)
to have them at or about earth potential, In order to avoid strong
electric fields between these plates and the final anode, this ancde
itself must be at earth potential,

Another reason for earthing the final anode is that the
potential of the fluorescent screen is usually about 30 to 100 volts
negative with respect to that of the final anode. If the cathode
is earthed the screen is thereby maintained several hundreds or
thousands of volts above earth so that strong electrostatic fields
mey exist between the scoreen and neighbouring conductors. This can

312



Chap. 6’ Sect.28

result in extraneous deflections of the spot if these conductors are
moved, If the anode is earthed the cathode and its associated
heating circuit must be well insulated from earth.

28. Shift Voltage for Electric Deflection Systems

The shift voltages are usually, but not alweys, applied to
a peir of plates so that the mean potential of these two plates is
the same as that of the finsl anode of the tube, This arrangement
avoids trepezium and defocusing distortions, provided that any
fluctuating voltages applied to the plates are also balanced. The
shif't voltages may be obtained either fram the power supply which
provides steady potentials to other electrodes of the tube (Pig.
290) or from a separate power supply. One deflector plate of a
peir is slways mainteined as much positive, .compared to the final
anode potential, as the other is negative, so that the mean potential
of the pair of plates is that of the final anode, Condensers C
bypass to earth any ripple on the shift voltage supplies.

| POSITIVE LINE

1T R
T

Ry i

- SUPPLY
NEGATIVE POT:

3r0 ANODE o——h--mcus

280 ANODE
st ANODE O—dltr
CATHODE O——————
BRILLIANCE
GRID
NOTE =
THE TWO TAPPINGS ON THE SHIFT NEGATIVE LINE

NET -WORK ARE GANGED, SO THAT
AS ONE MOVES UP THE OTHER
MOVES DOWN.

Fig- 2% - 3"-1PP3§’ for CGar Shmng
production of shift voltages.

Eacn deflector plate must be comnected, ususlly through a
resistance of about two megoms (R and part of Rl in Fig. 290) to
the final apode (earth povential); this connection fixes the mean
level of the deflector plates and is analogous to the use of a
grid leak for determining the bias level in a valve smplifier circuit,
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It is
cemmon in radar POSITI
applications, | Cne .
invelving the use ]
of large CRTs %o
adjust the msan 3o,
potential of sach . ‘"3"‘51_..
pair ef plates 5
with respect te
the anede se that
astigmatic dis- SUPPLY
tortion may be
eliminated, The
mechanism which
prevides this
adjustment is
called the Stig
Contrel. A 3
methed is shewn
in Pig. 291. reaane|
A separate

similar arrange Pig. 291 - Supply network showing
ment provides o
shift veltages Y shift and Y stig. oontrol.

and astigmtic

ceorrection fer

‘the X-plates, In the figure, Ry and Rz are similar variable resis-
ters forming the Stig Centrel se ganged that as Ry is decreased in
value R3 is increased by the same smeunt, and vice versa, Thus, the
mean value of the petential on & pair ef plates is raised or lewered
above er belew earth petential (final anode petential).

AAA
YNy

mx=====
A*
YV
o/
=1
1 ®
A
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Yy

AAA

A A - AA A
YYYY YYY VY YYYY v
n
- I
)

AA

A
simple type of
shif't netwerk _ POSITIVE
which is some~- ' LINE
times used with LSHIRT R

smll CRTs is Y \p b o
shown in Fig. X; % 4'" ) - | Y SHIFT
292, Here n» ¥ <4 >
attempt is s R
made te keep
the mean
petential ef
the deflecter
plates the same
as that ef the
anode, ner is 2n0. ANODE O
;H a:twpt ~ lsT. ANODE O—
e te cerrect
for astigmatism, CATHODE ©O
It is alse

assumed that the GRID © —<
> T

SUPPLY

3s0. ANODE ©

pewer supply is
being used fer
other sectiens
of radar equip-
ment, se that it

is ¢ ient
to eanth ity Fige 292 = Shift network for CRT with

negative line. negative supply line earthed.
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29, ghift Current for Magnetic Deflection Systems

A direct
current through the
deflector coils is A
necessary te obtain ——_Wj_
shift when magnetic
deflectien is used
en a CRT. In most
applicatiens it is
net sssential that
the shift should
be made te work beth

OF
ways and a simple =
arrangement such : ;
a9 is sheown in Fig. DEFLECTOR CONS.

293 is adequate.

1

Fige 293 ~ Shift control for
magnetic deflection.

INPUT CIRCUITS
30. Input Circuits to Deflector Plates

The arrangements for applying input veltages to the deflec-
tor plates depends on the source of the input, and en whether shift
voltages are also required. An invariable rule is that the mean
potential ef each pair of plates
must be near that ef the final
anede. Fig. 294 shows a simple
arrangement with ne shift wvolt-

ages; C isolates plate Y7 from <

any steady voltage (which weuld ?_| v

produce shift) in the input Weur ‘

supply, whilst resister R (1 to i 2

2 megohms) provides a path back 1

to the final anede fer electrons -

cellected by Y1 from the beam, '(Usu..ﬁf%‘ ’g.m)
POTENTIAL

Since in the absence of

deflecter plate curreunt the

resistance between a pair ef Fig., 294 - Input circuit to

deflecter plates is ef the erder deflector plates.

ef 20 megelms, the effective

lead across which the input is

C2veloped is R (1 to 2 megolms).

The fact that the CRT hss such a high input resistance is of imper-
tance since it means that its connectioen acress a circuit dees net
usually disturb the conditions ef that circuit appreciably. The
inter=plate capacitance, ef the erder of 20 te 50 pF, iz, however,
shunted acress the circuit supplying the plates and may cause a
distinct medificatien of the input veltage.

If it is desired te apply beth shift and work (input) voltages
to one plate the circuit ef Fig, 295 may be used. The resistor
R is taken te the shift voltage tapping instead of directly te the
anode. Cj bypasses tc anode, and so to earth, any ripple that
there might be en the shift supply; the tapping on the shift slider
is, therefere, at a constant potentiaml. Thus, R is the effective
load on the input source acress which the werk veoltages are

develesped.
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Fig. 296
shows the arrange-
ment whereby &
work and shift
voltage can be
applied te one
deflectoer plate
and an equal and

opposite werk
and shift voltage g 1

+VE WRT ANODE 3

SHIFT VOLTAGE
SUPPLY

EQuaL
RESISTORS

=VE WRT ANODE 3

c i
can be applied | ™,
to the other INEL y
plate. Such _r- T
an arrangement : ) é}g&mﬁxkf‘r EARTH

maintains the
mean poten—

tial of ¢ .
paair zf ptffte. Fige 295 — Input cirounit vhen shift
at a value and work voltages are epplied to
alwyas equal same plate,

to that of

the anede, and so aveids trepezium and deflection defecusing of
the trace. A similar circuit allows twe distinct inputs te be
applied simultaneously, when the resultant deflectien will be at
any instant prepertional to the difference of the two input
veltages.

c R POSITIVE
LINE
c i O
SHIFT SUPPLY
INPUT 1 v t VOLTAGE
4
> 3ro.
» ST
ANODE
i i dowics
T EART
INPUT2 A,
L o]

— = NEG. LINE | |
>
%j

Fig. 296 - Imput circuit for balanoced
input and deflection valtages,

31. Input Circuit$te Grid and Cathede

It frequently happens that it is desired to black-out.the
spot of light on the screen of & CRT during seme portien ef its
work cycle. Fer example; when a trace is being meved te and fre
acreoss the screen it may be necessary te eliminate the fly-back so
as to prevent its ebscuring the ferward trace. Altermatively, it
may be necessary te brighten the spot over seme pertion ef the
trace (intensity medulatien), These effects can be secured by
applying & pulse of voltage te the grid (er catheds). A rise of
potential at the grid er a fall ef pestential at the cathede
increases the brilliance.

Fig. 297 shows hew the additienal pesitive er negative

pulses may be applied to the grid and cethede ef the CRT. R] is
the load across which the grid input veltage is developed, whilst
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CATHODE I

INPUT VOLTAGE

Ghap. 6, Seﬂt.j1

POSITIVE LINE

pas l?n% INPUT

VOLTAGE
R
2 ! D C SUPPLY
—C1
* BRILLIANCE
-~

NEGATIVE LINE

Fig. 297 - Combined grid and cathode

is the lead
acrosa which a
cathede input
voltage would be
#pplied. Cy; and
Co bypass t
ripple en the
supply wvoltage
and ensure that
one end eof each
of the resiaters
Ry and Rz 1s at
a st peten-
tial, Pig. 298
shews the circuit
arrangement if
pulses are te be
applied te the grid
slene, while Fig.
299 shews the
arrangement if
pulses are to be
applied te the cat-
hede alene. These
circuits are in
cemmen use in radar
equipwents. In
each case the cen=
denser C must be
capable of with-
standing & high vel-
tage, since one
plate is nermally
cennected te & large
nejative potential
(petential of grid
or catheds) whilst
the ether plate (te
which the pulsea
are applied) is
usually at & =mall
pesitive petential,

input cireuits.
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® L BRILLIANCE
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Fig. 299 - Cathode input ocircuit.
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HARD VALVES
32. Intrdduction

In the following sections are discussed some of the special
problems which apply to the use of hard valves in circuits peculiar to
radar, as distinct from conventional radio circuits. No attempt will
be made to describe the more normal uses of velves, which are ade-
quately dealt with in other works.

33 Power Valves for Radar Transmitters

In radar systems which trensmit pulses of short duration, of
the order of a microsecond, at intervals of about one millisecond, the
problem of power ceonversion is somewhat different from that which
arises in conventional radio transmission. The transmitting valve,
whether & triode such as might be used at 50 Mc/s., or a centimetris
oscillator, such as a magnetron, is required to emit high-voltage
pulses which, if they were allowed to last for more than a few micro-
seconds, would rapidly deatroy the valve due to excessive anode dissi-
pation and consequent overheating. Owing, however, o the relatively
long quiescent interval between pulses, the valve is able to recover
frae its temporarily overworked condition. 1In this way power valves
may be used without particularly elaborate cocilng systems, at voltages
far above their ordinary CW rating. Such e valve must have a very
high emissivity, and therefore a large cathode, compared with that of a

radio transmitting valve, to generate adequate peak currents, The
anode, however, need not be unduly large, snd air-cooling is usually
employed, In some cases the ancde takes the form of a brass blec': which
is cooled by air pumped through cooling ducts. In others, fins in a
current of ocool air provide sufficiently rapid heat dissipation.

The precautions usual in high-frequency «ircuits must be taken

in the construction of the welves, Electrode leads must be kept as
short as possible and inter-elcoctrede capacitances reduced to a minimum,
Acorn and Door-EKnob valves have been designed to meet these require-~
ments, and may be employed as rader tranmiiiting or receiving valves at
frequencies up to about 600 Mo/B. Above this frequency specisl iypes
of transmitting velves must be used in which the tuned circuits form an
integral part of the velve itself; examples of these are given in
Chap, 8 Sec. 17 .  The limitations of conventionsl walves at high

frzquencies are further discussed in Chep., 7 Secs. 24 and 25,

3ke Suppressor-Grid Characteristics

In many radar contrel and gemerating circuits multi-electrode
valves are employed under conditions not normally encountered in con=-
ventional radie practice., In particuler the use of the suppressor
grid of a pentods as a control electrode is common. A brief des-
criptien is given below of some of the effects of varying the suppressor-

glﬂ.d poten‘l‘.ial '

Since the suppressor grid was originally introduced between
screen grid and snode todilﬁmtethewell—huwnkir\kintbeIa-v‘

characteristics of a tetrede it is to be expecled that if the poten-
tial of the suppresser grid is raised substantislly above that of the
cathcde the kink in these curves will resppear. This does, in fact,
happen, and if the suppressor grid is not held st a low potentiel the
valve aots like a tetrode. Over the region of "negative slope reslis-
tance" an increase in anode voltage causes a decrease in anode current.
and an increase in screen ourrent.
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If the suppressor grid is made negative with respect to cathode
the anode and screen~grid currents are usually very much affected. A
reduction in the suppressor-grid potential, making it more negative,
increases the potential barrier between screen grid and anode, reduces
the anode current and increases that of the screen. Normally the
suppressor grid must be made very negative before the anode current is
completely cut off, For most RF pentodes with potentials at the anode
and screen grid of a few hundred volts the suppressor grid must be
made frem 50 - 100 volts negative to cathode before ancde current is
cut off. Some valves have been specially construoted with closely
wound suppressor grid wires, so that cut—off of the anode current
occurs for only a few volts of negative bias on the suppressor. These
valves may be especially suitakle for use as Gate Valves or in Tran-
sitron oscillators or relays.

In a Gate Velve signal voltages are usually applied to the
oontrol grid, whilst gating pulses are applied to the suppressor grid
or some other electrode. Generally the suppressor grid is held at a
negative potential, sufficient to out off anode current. Positive-
going pulses are applied, raising the suppresser-grid voltage suffi-
ciently to allow anode current to flew (provided the comtrol grid is
above cut-off potential). Thus enly those signals are effective which
appear at the control grid during the intervals of the positive-going
pulses at the suppresser.

In the Transitren cirouits use is made of the effect of the
suppressor grid on the screen curremt (See Chap.10, Sect.5).

Fig. 300 shows characteristics of two valves CV1065
and V1091, cperating under the cemditions shown in Fig. 301. 1Imn both
cases the screen-grid voltage is seen to depend on that of the suppres-
sor grid in & curious mammer, Consider the curve marked ABCD in
Fige. 300. From A to B the suppresser-grid voltage ia below the level
sufficient to cut off anode current, and there is little change in
screen cwrent as the suppressor voltage is varied over this region.
At B anods current begins to flow, and for the regien B to C an
ineresse in suppresser potential increases I, and decreases the

screen current I,, so that the screen voltage rises.

From C to D the screen current increases, as the suppresser
voltage rises, probably due to secondary emission from the anode,

As indicated in the diagrams. this portion of the screen~
voltage, suppressor-voltage characteristic is very pronounced
for low velues of anode potential only and corresponds to the kink
which is introduced in the I, - V, characteristic of the pentode, due

to the positive suppressor-grid voltage, Some secondary emission
also occurs fram the suppressor, and if the voltage at this electrode
is raised for a shert interval sufficiently far above cathode potential
racondary emission may fellow at such a rate as to cause the suppreasor
grid to remain at a high potential, if the path comnecting it to the
oathode is not of very low resistance.

If screen and suppresser grids are connected by a condenser,
a8 in transitren circuits, the region BC of the above curve corresponds
to a region of regeperation. An incresse in potential at the
suppressor causes an increase in snode current and a decrease in
screen current, so that the screen veltage rises. Due to the coup-
ling condenser, the suppressor grid voltage rises still further, and
the acticn is cumulative. Over the region (D, the action is de-
generative.

319



(:!uﬂliaf;, Sect.ik

SCREEN

VOLTACE
A
@ %
so
70 100V
pal 2008
20v
o
404
A 3o1B
20
101
<100 -B0 -0 40 -20 o 20 40 60 80 oo
SUPPRESSOR VOLTAGE
SCREEN
VOLTACE
+90
(b
.-ao
+70 {sla ]
6Q __"——._-I?"-"o'
—c
-5 20V
F40
L 30 °
e
A 8 Lo
-lea -80  -60 20 o 20 © e 80 00
SUPPRESSOR VOLTACE
PFig., 300 =~ Charscteristios for
( CV1065 (b) CV109L for different
ues of ancde voltage:
by wor| 4
of circuits = o3 [ ooy
\ = !
employ this P d -
e [ e
JE [ — >
ooupling- — -
are —_

— 100V
given in L=
Chaps. 8
and 100

Fig., 301 - Cirouit corresponding to

curves of fig, 300,

320



Chap. 6, Sect, 35

SOFT_VALVES
35. Sumnary on the effect of gas in valves

If gas at a low pressure is present in a valve it has no
appreciable effect on the characteristics so long as the electrons are
moving in the valve sc slowly that they cammot ionise it. If, how-
ever, the anode potential is gradually increased, and the electron
velocity thereby increased else, a potentisl will be reached at which
the gas is ionised so that some molecules are split into eleotrens and
(relatively) heavy positive ions.

If the potential difference between anode and cathode is
greater than a critical value, called the Ionisatisn Potential for the
gas, the electrons can just acquire the requisite speed, during the
intervals between collimions with gus molecules, to maintain the
vapour on an ionised state.

As soon ap ionisation oecurs the space-charge distribution in
the valve is profoundly medified. The electron:s emitted by bombard-
ment Join the stream of primary electrons snd travsl rapidly towards
the snode; the heavier, and therefore more slowly moving, positive
ions travel towards the cathode where they neutralise the electron
space-charge,

It will be recalled that in a hard diode walve, for amall
anode potentials, the presence of space charge is the only facter
preventing the tetal emission current reaching the snode. As seon,
therefore, as the positive ions neutralise the spase-charge the full
emission current reaches the anode, although the anode potential may
be considerably below that required to produce sat'xration in the
absence of ionisation. The eflect is illustrated in the diode
characteristics of Fig. 302 in which the curve o, », 0, d, represents
the behaviour of a hard hot-catkoie valve, and a, b, e, d, that of a
similarly oonstructed velve centaining gas at low pressure. For
anode potentials less than V, there is no ionisation and for both
valves the current is space-charge limited, For potentials greater
than V_ the gas in the soft valve icnises, the spade charge is
neutralised and the full emission current I, flews,

Seft valves
may have considerable I
variation in design,
but may be classified A . p
under three general R R 7 e
headings:~ ;/

(1) oo1a ’
Cathode .
Diode /
Valves !

(41) Hot e
Cathode i
Diede d = Vg
Yalves Vs

(i4i) Hot '
Cathode Flg. 302 = Bffect of gas on diode

Triode characteristic,
Valves.

321



Chep.6, Sect.36,37

Other types of soft valves such as Spark Gaps and Soft Rhmmbatrons
are of special application in radar systems,

364 Cold Cathode Gas Diode

In this type of valve inert gas is present at low pressure,
In the normal state the molecules are electrically neutral and no
current flows. As the potential difference between anode and cathode
is increased a degree of polarisation of the gas molecules will be
set up, and ultimately the Striking Voltage is reached at which
ionisation is initiated., This process mey be further complicated
by extransous irradiation, such as ultra-violet radiation, and
as a result the striking voltage is not in general clearly defined.

The striking veltage, normally about 120 volts, is alweys
greater than the ionisation potential, and corresponds to the *flash-
over paint" or breakdown of the gas dielectric. Once the valve has
struck its subsequent Behaviour is similar to that of a hot-cathode
diode,

The gas will remsin ionised until the current is reduced
below a value called the Extinection Current. Provided the anode
cwrent is greater than this value the anode-cathode voltage remains
constant at approximately the ionisatien potential of the gas.

This is ocslled the Extinction Voltage,

This valve has use as a HI' stebilising device since, once
it bas struck, its anode-cathode vaoltage is stebllised at the value
of the extinction voltage.

The tube may also be used as the Gischarge element in simple
forms of time-®ase circuits, but its use in this spplication is
limited by the relatively small separation, sbout 30 volts, between
extinction and striking woliages, and also by the uncertainty in
the valus of the striking woltage noted above,

The Stabilovolt, which is discussed in Chap. 1
development of the prinoiple outlineq cnomn, —ob: 19 Seot. 10, 1s a

37+ Hot Cathode Gas Diode

In general this type of valve contains mercury vapour at a
pressure of about 107 mm, of mercury. A small amount of liguid
mercury is present in the tube at room tempersture and this is vapo-
rised when the temperature is raised by the application of heater
veltage, so that the requisite vapour pressure is produced, This
valve is cenmonly employed for power rectification due to its large
current-carrying capacity. Since in this case tne onset of
1onisation depends on the electren current emitted by the hou
cathode the uncertainty in the value of the striking voltage is largely
eliminated. The separation of striking and extinction voltages is
extremely small, If an attempt is made to raise the voltage above
its extinction value while the gas is ionised the cathode will be
damaged by positiwve ion bombardment, For this reason a limiting
resistor is nomally included in series with the valve to ensure that
the voltage across the valve does not exceed a safe value,

The performance of this valve depends very considerably on
temperature since this affects the vapour pressure of the mercury and
therefore the probability of collisons occurring between electrons
and molecules sc as to cause ionisation.
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38. Hot Cathode Gas Triode

This type of valve is normally termed a Thyratron, although
actually this word is a trude nsme for hot-cathode mercury triodes
made 'b; one mamufacturer.

A grid is introduced to provide control over the striking
voltage; this grid has no control over the extinotion voltage. 1In
the absence of ionisation the effect of the grid voltage on the anode
current is similar to that for a hard triode velve, For a given
grid voltage, negative to cathode, the anode voltage must be raised
above a certain valus, the cut-off value V, before anode current
flows. This will not cause ionisation wmless V, is greater than

the ionisation potential VE‘ Hence, ionisation will not be initlated

for a given grid voltage unless the anode voltige is raised above the
greater of the two voltages, V, and Vg, Fig. 303 shows the I, -V

characteristic for a typical gas-filled triode at sero bias; i.e,,
with Yc = Q. '

Alternatively if the anode voltage be at a value greater than
Vg then theres is a oritical voltage for the grid below which ionisatien

will not we initiated. This grid control can be made sxceedingly
sensitive by a suitahle design of the electrods assembly,

Once ionisation ccours, variation of the negative potential of the grid
has little effect on the space current, since positive ions are attracted to,
and surround, the grid so that the elactrostatic effect of this electrode is
neutralised. The grid therefore loses control until De-ionsation (Reccmbination)
takes place, which can occur only as a result of lowering of the anode potential
below the extinction value; in short, after ionisation occurs, the peformance
is identical with that of a hot cathode diode. The de-ioniszation time
(10 to 1,000 micro~
seconds) depends on
ths electrode-~
potentials and, in
general, may be
shortened by the
gpplication of a
negative potential
4o the anode; such
a practice, however, La(GnA)
may appreciably
shorten the life of 5
the valve, as positive ion
bombardment ensuss, with 1o
consequent spattering of
anode materisl. For o8 4 STRmNG
this reason the .
appliocation of large ° !
negative anode voltages 1012 14 16 18 20 22
is usually avolded.

It will thus be
seen that by making the Fig. 303 ~ Gharacteristic of typical
grid voltage sufficiently  hot-cathode triode with Argon gas
negative a wide difference £i1ling, at zero bias.
between striking and .
extinction voltage can
easily be achieved.

Va(voLTs)
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As mentioned previously, the lower is the anode potential
the higher the grid potential needs to ®e in order that ionisation
may occurs The Striking Charscteristic of a thyratren is shewn in
Fig., 304. It is seen that over a large portion of the characteristio
the ratie of the increase of anode woltage needed to initiate ioni-
sation to the corresponding change of grid voltage is almost constant,
Thi;ogttioisknomnthe Control Ratio and is of the order of 20
to .

The grid \jrha(vm.fs)
loses control of 3200
the velve current
once the arc has

started, but its 2800
potential is sd'c age \ 20c.
importent since 2400

this electrode may
draw appreciable
current. If the
grid is at a
positive potential - 1600
it collects
electrons and the | 1200
value of this grid
current rises
rapidly with grid 8o0

g

Ve ¢
collects positive (VOLTS) =12 <1l ~0 -8 =B =7 =6 ~5 =4 =3 =2 - O

iopns, and this

reverss grid

ourrent tends te Fig. 304 - Striking cheracteristios of a
'::.:;;11 “nt typical mercury-filled triode for

with l‘*’"‘“ of different tamperatures.

grid potential (Fig. 305). Sinos large grid-ourrest flow is possible
for relatively lew values of grid voltage it is advisable te include a
limiting resiastor in series with the grid s that the grid is maintained
at spproxcizately sere potentlal,

Gas triodes are very easily dsmaged if 'they are allewed te
pass very large owrents, If the valve current is allewed to reach
the walue of the emission curremt, it mesns that there is no electronioc
space chargs left at the cathode, and therefore no protection of the
cathode surface fram positive ien bembardment. This valve current may
bo limited by inserting a resister in series with the valve.

The gas used in such triedes is either mercury vapewr or one
of the inert gases such as neen, argen, helium or hydrogen, or scme
" mixture of these. In the mercary vapeour wilve, liquid mercury is
normally present with the vapeur, se that clanges in temperature alter
the amount of wapeur sent and hence the eperating characteristics
of the walve (Pig. jtﬁf. In valves filled with neon or one of the
other gases the quantity of gas remains oonstant and the lenisation
is therefore hardly affected by changes of "iemperature, within wide
limits. In such valwes, however, there is an sbsorption of gas by
the electredes which causes a change in the gas pressure, and it is this
factor, in the main, which determines the working life of hydrogen filled velves.

Becausge of its adaptability, Being usable over a wide range of
strikdng voltages, the het—cathode triode is employed in many types
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of circuits where relatively large currents are required. For very

high powers, however, the aise of the valve which is necessary and the
comparatively elaborate construction have resulted in such valves being
superseded by spark gep or ignitrons. One of the chief disadvantages of large
thyratrens is the delay involved in heating the wvalve to the correct
temperature so0 that the mercury vapour pressure is at the operating

walue. This usually involves the use of a thermostat which in-

corporates a coeling, as well as a heating device, since overheating

may osuse erratic operation.

39 Spark Gaps

It is sometimes necessary to arrsange a circult so that a
switch is closed when the potential acress its terminals reaches a
certein high value. This process is conveniently ocarried out by
putting & spark gap between the terminais, As in the case of the
cold cathode diode, when the petemtial reaches the value of the
striking veltage the gap conducts, and while it is condueting its
resistance is very small. VWhen the potential is remeved the spark is
extinguished after a period of de-ionisatien and a high potential can
again be built up befcre the gap once more conducta. This principls
is used in the obsolescent spark telegraphy.

Spark gaps are used in rader for switching §a} in high-power
modulators which employ & pulse-forming network and (b) in occmmen T/R
systems (where the same aerial is used for both transmissien and
reception

L3

In modulating circuits it is usuelly required that the spark
should eceur at precisely regular intervals, It is therefore more
satisfactory net to control the operation by allewing the voltage
across the main eleotredes to reach its relatively wariable striking
veltage, but to initiate the ienisation by the use of a contrel
electrode, whose function is similar to that of the grid of a thyratron.
The spark between the main electrodes is struck by the application of
pulses of high veltage, but net necessarily of high power, between a
third slectrode and one of the two main electrodes., Spark gaps
which operate on this principle are known as Triggered Spark Gaps,
and the third eleoctrode is termed the Trigger Electrode. The
triggering pulses, sinoce they need not be of high power, can be
readily developed by cirocuits using nermal hard valves.

Alternatively, the distdnoe between the main electrodes can
be varied in a oyoliocal manner so that they approach each other
sufficiently closely for the spark te strike at the required instants.

Rotary Spark Geps eperste en this principle.

The chief advantages of spark gaps compared with hot cathode
valves of comparable dimensions are their robustness and high power-
handling capacity. The principal disadvantege of spark gaps is their
inflexidility, sinee for a gap of given dimensions the striking voltage
cannot ve adjusted. In such a case the design of the modulator is
largely determined by the characteristics of the spark gap uaed.

40. The Triggered Spark Gep

This type of spark gap consists essentially of three electrodes;
in its commonest form, the two main electrodes take the form of hemi-
spherical caps and the trigger electrode is a wire the end of which
protrudes through an aperture in one of the main electrodes. A common
construction is illustrated in Fig,306., Here the main electrode A is
connected to a metal cylinder B swrounding the trigger electrode T
and separated from it by glass insulation G.
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In normal use the
spacing between A gnd C . Ig (mA)
should be such that a spark f
does not strike between
these electrodes, even 40
when the maximum potentisl 30
difference between them
is reached, unless ioni- .

sation is initisted By o . . .- e I

the application of a plemeR et /02 ¢, vgteu

triggering voltage Between Ta = 200mA / o

A snd T. The pessibility Ta = 300mA -

that sparking may occur =

between A and C before it

is required is reduced by -40

shaping A and C in such

a manner that high field _

Sromirsions are aAIE coatucteristics of & syplont
thyratron.

electrodes. A spark

betwoen A end C is extinguished when the voltage develeoped between
thege two electredes falls to a low level, the value of which is deter-
mined by the ionisation petential of the gas in the gap.

The mammer in
which the triggering
voltage has effect in
initiating the striking
of the spark between A
and C is not alwsys
clear, but tw dis-
tinot modee of operation
are poseible, depending
to acme extent on the
design of the spark gep
and te a larger sxtent
on the relative polari-
ties of the applied
potentials. It is
usual for the electrede
A to be earthed, aince
this permits the circuit Pig. 306 - Eleotrode assembly of
producing the trigger triggered spark gap (mot to scele).
pulse to operate near
earth potential, The
two possible modea of
operation are :-

(1) The triggering veltage epplied between A and T causes a
breakdown of the mmall gap between these eleotredes and
the light emitted Wy the resultant discharge causes
ionisation of the molecules in the main gap AC (possibly
there is alse some drift of ions into the main gap)
end so initietes the main spark. In general this form
of dischargs is mere likely to occur if the potential
applied to the trigger electrode is of the ssme polarity
a8 that of electrode C.

(41) If the potenmtial applied to the triggering electrode is
of epposite polarity to that of the electrode C, the
potential difference Detween theae electrodes is the sum
of the magnitudes of their potentials and since in
addition there is a high concentration of field and
possibly a corena discharge at the point of T, & spark
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is likely to atrike Between T and C. As soon as this
occurs a large cwrrent flows between T and C causing
the potential of T to reach much the same value as that
of C, the actual potential acquired by T depending en
the relastive impedances of the imput cirouit to T and
the cutput circuit from C, The potential difference
between T and A is then normally large encugh to break
down the gap between these two electredes, The dis~-
charge path between A and C is then completed. It is
essumed here that the magnitude of the initial triggere
ing voltege is not large enough to give rise to a
discharge between T and A.

The mode of operation (ii) has the advantage that the triggering volt-
age neosssary to initiste the main spark can be smaller in value than
that required in cese (i). The position of the insulator G, separat—
ing T and A has scme bearing en the value of the voltage required to
trigger spark gaps operated by the mechanism (i), If the insulater is
fairly near the front of the elesatrode A it considerably reduces the
neesssary triggering woltage, probably due to tracking of the discharge
aleng its surfaoe. Again, for this type of operation, in order to
produce efficient irradiation of the main gap by the triggering dis~
clarge it is desirable that this takes place wetween the trigger
slectrode -and the front edge of A. Oomsequently, the frent edge
of A should e made sharp.

The aetion of triggering a three electrode spark gap normelly
results in jitier, i.,e,, & randem fluetuation in time interval, be-
tween the applicetion of a triggering pulse and the instant at which
spark disehsrge ecowrs. This jitter often may result from randem
variations in conditions of ionisation in the gap, resulting in a
change of the value of impressed voltage necessary to ceuse the gap
to strike., Therefare, sinoe a trigger veltage must take a finite
time te duild up, jitter will result, Jitter dus to this cause may
thus be reduced if the triggering voltage can e arrsnged to build wp
to the critical value very rapidly, and this can most easily be
achieved By providing a triggering weltage much larger than the minimum
aritical value needed to fire the gap. On the other hand it is
clearly desirable from the stand~point of the design of the trigger-
producing cirecuit that the trigger voltage to be produced sheuld be no
greater then necessary. In practice, a certain smount of residual
ionisation remains between successive arcings and it is necessary to
have a higher triggering voltage to break-down the main gap at first
than subsequently. If the triggering voltage is made just large enough
to trigger off the first spark in the main gap, it is sufficiently
above the minimun voltage nscessary fer triggering subsequent sparks
ensure that only a muall smount of jitier ooccurs,

Since there is asymmetry of the electrodes of the spark gap
is reason to expect that the emount of jitter depends on which of
two main electrodes is used as the anode. Experience shows that
most radar equipments the more reliable operation of the spark gap,
the point of view of accurate timing, occurs if the electrodes A
C serve respectively as enode and cathode of the main discharge.

g

Bseg

There is a tendency for the main gap to break down, at voli-
ages lower than expected from the separation of the main electrodes,
Before the trigger voltage is applied, This effect is probably due
to excess of ionisation remaining from a previous spark, and its
incidence limits the recurrence frequency. The possibility of this
premature sparking is much less if the value or duration of the spark
ourrent is reduced, and if it is possible to remove the residual
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products of the previcus spark by, say, blowing air into the gap, This
of course precludes the possibility of analosing the spark-gap structure.
De-~ionisation time is also affected by the type of gas in which the

spark is produoced,

Triggered spark geaps cperate very well inm air st atmospheric
pressure provided they are not enoloaeﬁ. If they are enclosed, their
life may be fairly short, This is probably due to the preduction of
nitrogen peroxide by the discharge. The presence of this gas in the
gep increases its sparking potential and makes it inoperative at its
previous potential ratings.

Although it is generslly not neoesssry for a spark gap t6 be
enclosed in an alrtight envelope if it is always to e used on the
ground, for airborne use such an envelope (usually glass) is desirable,
due to the variation of pressure with height.

It a.ppurs necessary, in order that the de-ienisation time
be sufficiently repid, for the gas in which the spark is struck te
contain a certein amount of oxygen, which has the property of
rapid de~ionisation. Various mixtures of gases are suitable, two of
which are: one, a mixture containing 90% nitrogen emd 10% oxygen at
atmospheric pressure, and the other s mixture of 97% argon and 3%
oxygen at three atmospheres pressure.

The life of an enclosed gap depends largely on the rate at
which the oxygen in the gap is used up either by cxidation of the
electrodes or by combination with the other geses present in the case
of the air-filled gap. Also the slectrodes are liable to wear both
by oxidation and by sputtering in the spark, In order to reduce the
wear they are usually made of melybdenmm or tungsten.

41, The Rotary Spark Gep

In this form of spark
gep the electrodes are generally

fixed, and & metallic arm is’
rotated between them at a

uniform speed by means of an
electric moter, The axis of

Ro

ROTATION

rotation of the moving arm
cuts the line Joining the
electrodes mid-way between ° Q
them, so that in one pesition

the two ends of this arm

Just clear the respective

(Pig. 307)e TYhen the retat- essambly of rotary spark

ing arm reaches soms such &ape

position as that shewn in

the figure then a spark

.mn;um;mrmumcmdq, forming & conducting path
from A to C; i.e., the switch whose terminsis are A and C is closeds
The spark is extinguished when the voltage driving cwrrent through the
switch falls to & low value, and met, in general, because the movement
of the metallic arm has caused an ineresse in the spacings AP and .
In normal operation the required duratien of the spark is of the order
of 1 microsecond, in which time the metallic amm does not move

appreciably,
The recurrence frequency of the spark is twioce the frequency
of rotation if a single arm im used, Hewevwer, this frequency is

increased if there is more then ene syrm, Thus, with a retating spark
gep of the ferm shown in Pig, 308 the recurrence frequency of the
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spark is four times the frequency
of rotation of the arms, so that
if the moter driving the
. rotating electrede has a rating
of 6000 repeis, the spark recur
rence frequengy is LOO per ko
second. Recwrrence rates as S oF 4,
high as 2500 per second have .
been cbtained,

If there is more than
one pair of fixed electredes
arranged round the circun-
ference of a circle, and more
than one amm, it is possible
to provide a mmber of sparke

ﬁﬂﬁtgtmmwuﬂmm "; of Fige 308 -~ Double arm rotary
An arrangement such as this spark gepe

. 48 required for the Marx

circuit, (Chap. 14 Sec. 38).

The closeness with which two electrodes have to spproach
before a spark strikes, if there ig a potential difference between
them, is rather erratio, and varies slightly in this form of a spark
gap for successive strikings of the spark, Consequently, there is a
slight veriation in the time interwval between successive sparks,
This jittuismnﬂortholarmiuthcrm“frmtha axis of
rotetion to the point at which the spark is struck, since then the
circumference coversd by the moving erm between successive strikings
of the spark is large compered with the variations in the sparking
distence, Furthermore, if the repetition rate of the spark is in-
areased by increasing the number of arms mownted on the same shefi,
the length of the moving electrode must be preportionstely increased
if the relative amount of Jitter is not to increase.

Mngtotheditﬁaﬂ.tyotredncingjitterbmnﬂam
point with reasonable dimensions between the fixed electrodes, the
spplications in which a retary spark gap can be used are rather more
restricted than those in which a triggered spark gap cen operate,
For example, sinoe the time of discharge of the spark is liable to
soze variation as the rotating arms approach the fixed electrodes, it
cannot readily be co-ordinated with an independent source of timing.
fact when a rotary spark gap is used in radsr equipment the timing
the apark itself must be used as the basis of synchronisation of
whole system if accwrate measurement of time-intervals is required,
; the random nature of the timing of a rotary spark gap in a
equiment does decrease the chance of periodic external inter-

signals being "locked® to the tranmmitted pulse and so giving
appearanes of an Eche (re-radiated signal).

When the spark is stryck the cwrrent fl between the
electrodes is usually very heavy (50 amperes or more), and consequently
the electrodes of the spark gap tend to wear.- To minimise this it is
usual for the ends of the elestrodes to be made of molybdenum, The

ggaﬁ

;

Eé

repetition rate of the sparks.

The fector which ultimately limits the maximum recurrence
frequency at which a spark gep can operate is the time taken for the
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gases to de-ionise, However, in a rotary spark gap the sparks are
unlikely to be maintained except during the short interveal when the
rotating armm is close to the stationary electrodes., Besides, the
spark normally takes place in air and is not encloaed, so that the
motion of the moving arm areates a draught which tends to clear ions
away from the fixed electrodes after a discharge has ceased in
readiness for the next spark. For these reasons the spark gep can
be ope:):a.ted at a high spark recurrence frequency (e.g. 2,500 per
second).

/KEEP -ALIVE ELECTRODE

-
v

COUPLING LOOP

RESONANT CAVITY

COUPLING LOOP

LOW PRESSURE

LIPS
GAS FILLING

GLASS ENVELOPE

SIDE VIEW

TUNING PLUNGER

J: :CO UPLING LOOP

METAL GLASS SEAL

COUPLING LOOP

LiP

<« TUNING PLUNGER

PLAN

Pig. 309 - T/R Switch
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42, The T/R Switch

In many radar equipments one aeriel system is used for both
transmisgion and reception of signals, This arrangement involves the
use of a awitch which is so arranged that during transmission of RP
pulses the transmitted power is prevented from reaching the receiver,
whereas during reception the received power is allowed to pass
freely to the receiver, If the transmnitted power were permitted to
reach the receiver, designed to deal with extremely low level signals,
(not greater than 1/10 watt), it would in general danage the receiver,
or at least render it inoperative for the reception of signals,

Transmitted peek powers are nomally considerably greater
than 1/10 watt (they may be 50 . or more) so that the switch be-
tween the transmitter and receiver must operate so as to prevent
the major portion of the fransmitted p¢ak power from reaching the
receiver. Furthermore, the switch must be capable of passing
received sipgnals, which are in general of considerably less power
level than 1/10 watt, and should be able to do so within a fraction
of a microsecond after the transmitter has ceased to operate.

The construction of a typical T/R gwitch is shown in Fig, 309,
It consists essentially of a rhumbatron, (cavity resonator, Chap. 5 Sec,
25) the lips of which are enclosed in & glass envelope conteining gas
at low pressure, The nomal filling of the envelope is water vapour
at a pressure of 6 mm, of mercury., Coupling of RF power in and out
of the resonator mey be made by means of smell loops, which are fed
from coexial lines, or by wave-guide feed, while the tuning of the
resonator may be accomplished by means of screw plungers.

If the switch is inserted in a coaxial line fed by a RF voltage
generator, the following
behaviour is obsgerved.
For low R¥ powers, less
then 1/10 watt, if the
resonator is tuned to
the appropriate fre-
quency and the coupling
loops correctly ad-
Justed the switch acts
almost as a one-to-one
transformer, and the
transmission is nearly
perfect; (Figo 510).
In practice there is ouTPUT
a small loss of power
known as reoception
or low-level loas of INPUT
the order of (.5 db. ’
in peasing through the
switch, If the
input voltage is
increased, the RF Fig. 310 =.inalogue of T/R
voltage developed across switch circuit
the lips of the
resonator becomes largs
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enough ultimately to initiate glow discharge. Once ionisation has
taken place this voltage remsins approximately constant at a low
velue, being snalogous to the extinction voltage of simple gas velves,
The power tranamitted through the device 1s then a function of the
running veltage, and sinoce this voltage is effectively constant, the
power transmitted through the switch is small and practically inde~
pendent of the input voltage. The glow discharge can be considered
?s pla a low shunting resistanoe directly scrosg the cavity.

Fig. 310).

The protection
affordad to the receiver
by the switch during the
perdod of operation of
the transmitter of a
rader equipment is
determined by the S
runing voltage of the POWER
glow discherge and )
the break-down time of
the gap. The rumning
voltage is closely
related to the pressure
of the water wapour
ugsed in filling the
switch, whilst the

FROTECTION
CREATEST

/

breakdown time, besides ot
being dependent on PRESSURE OF WATER VAPOUR
conditions of operation (mm oF mercunr)

(see below), is alse
related to the

effective Q (normally

sbout 300), of the Fig., 311 =~ Effect on T/R switoh

iﬁewxmmmgzt&f of variation of gas

mines the rate of rise PESSEUC,
of voltage across the

lips of the resonator.

The break down time

should be as short as

possible since, until

& glow discharge is

formed, transmission

through the switch ia

unimpaired, In

general the protection improves as the effective Q is increased or as

the mier vapour preasure is lowered from 15 to 2 mm., of mercury;
(see Fig. 311).

The recovery time of the switch is also found to be dependent
on the pressure of the water vapour filling and on the effective Q of the
resonator. In general, the recovery time becomes worse as the effective
Q is increased or as the water vapour pressure is reduced from 15 to 2 mm.

of mercury.

As the effective Q@ is increased the resonater tuning beoomes
more critical.
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A water vapour fill-
ing is found to give a
short recovery time (Fig.312).
Other gases which are suit-
able from this point of view
are found to be unstable
when subjected to RF discharge;

i.es, there is a change OUTRUT VOUTAGE
in performanoce of the switch RATIO {RPUT VOLTAGE

with time, VWhen water
vapour is used it may be
neoessary to provide heating
for the switch to prevent
the temperature of the
water vapour from felling to
too low a value (below

0°c).

The normel gas filling for a

switoh h‘ﬂu a resonator RECOYERY TIME IN MICROSECS
with an effective Q of 300 and ALL GASES AT A PRESSURE OF
used in ocomneoction, say, with ABOUT & mm OF MERCURY.

power of frequency about
3000 Mc/s., is water vapour

at a pressure of 6 mm, of Pig. 312 = Comparison of
mercury. This srrangeaent recovering verious
is regirded as & reasonable geses. time for

ommpromise between protection,

recovery time and oritiocalness

of tuning sdjustment. It

has already been stated that

the vrotection offered bv the

switch depends on the break-

domn time of its gep.  Provided ions are already present between
the 1lips of the switch this break-down time is very small and the
protection is good. :

The T/R switch, as considered so far, functions well for

repetition frequencies from about 500 per second upwards, but

does not protect tne reoceiver at the time when the transuitter is
first switched on, In other words, once operation has started lons
persist in the space between the lips of the resenator during the
intervals between tranmmitter pulses, provided these intervals are
not longer” than about 2000 microsecs; but at the stexrt of operation
there are few if any ions present.

In order to provide the necegsary ions at the start of
eperation, 1t is uwsual to run a steady current discharge between an

auxilisry electrode (Starter or Keep-dlive Electrode) and the wall of

the resonater. The current of this priming diascharge is normally
sbout 1 to 2 mA. and operates at a running veltage of about 500 velts
between the auxiliary electrede and the resomator, This priming
discharge must of course be struck before the tranmmitter is switched
on. There is no disadvantage if the priming discharge is left
opersting continucusly while the radar equipment is in use, sinoce the
presenee of iens in the gap does not have any apprecisble effect en
the tranmsission of received signals (of power less than 1/10 watt)
through the switdh.
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SPECIAL RESISTORS

43. General

The resistors used in most electrical circuits are made of
conducting materials which conform more or less faithfully to Ohm's
lawe In some instances, particularly at high frequencies, the
self-inductance and self-capacitance of a resistor are not negligible,
and must be allowed for as indicated in the equivalent circuit of
Fige313.

There are, however, other
substances for which the departure
frou simple proportion between
voltage and current (DC) is very
marked. Such substances may be
particularly useful for special
applications. The use of copper-
oxide or "cat's whisker and crystal"
rectifiers is viell known and needs R L

no description here. In both cases
the surface junction of metal with
non-metal introduces the non-linearity

which makes the combination useful
in rectifying or frequency-changing
circuits. ZElectrons leave the
metal more readily than the non-
metal, so that the forward and

reverse resistances have widely Fig. 313 - Equivalent circuit of
differcnt values. & practical ohmic
resistor at very high
Recently various hamogeneous frequer.cies.

materials have been developed which

ghow marked non-linearity in thedir

voltage~current characteriastiocs

without the discontinuity asseciated

with the former combinations. The

registance decreases with an increase in cwrrent due to the unusual
behaviowr of the conduction electrons in the atemic structure, In
addition, the negative temperature coefficients commonly associated
with quasi-conducters mey have a marked effect on the resistance-
current characteristic, since an incresse in current raises the
temperature snd so reduces the resistance,

In the case of Thermistors, described in Sect.45, this leads to en
actual fall in wltage as the cwrrent rises, so that beyond e certain
point the material exhibits the property of negative resistance,

b4l Metrusil

This is the trade name of a quasi-conducting material originslly
developed as a lightning srrestor and now widely used as a protective
device in power supply ocirocuits. The V=I static cheracteristic for
Metmsa.l is shown in Figs, 314, The curve follows a power law
¥ ¢ 1IF, so that the R-I curve also follows a power law, The
particular value of B for a given Metrosil depends on the constitution
of the materisl used, By suitable manufacturing methods P can be
given any velue between 0-2 and O+4.

The constant of proportionality is given by the equation :-
¥ = Rl IP

and a Metrosil element can be made to give any required value of Ry. This
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Fig, 314 - V~I characteristios, (0) Metrosil:
( p =0-25) (b) ohmio resistar of resistanceR1l.

ds, as in any other resistor, on the shape and size of the elemert.
If R is the resistsnce of the elemont for a valtage V and a curremt I,
then since ¥ = RI it follews that

R= BII(P-]'} .
aid by mbstitu‘l{i/;n, we obtain

R'i'i_—'(__l)‘

B

Rl is the resistance presented by the Metrosil element to a current of one amp.

Fig. 315 represents the resistance-voltage charscteristic for a one-chm

Metrosil element with 8 = 0.25. For any other vaelue of Ry (but the same B ) the
coordinates of Fig. 315 should be multiplied by Rj. Thus, a 100 ohm Metrosil
element would have a resistance of 100 ohms for an applied potential

:ifgbmer?me of 100 V., but only 12.5 obms if the applied voltage were increased
° +

The response of Metrosil to altermating voltages is
instantaneous so that the static charactericztics are usable
for AC as well as for DC. If a sinusoidal voltage is epplied
to Metrosil the resulting cuwrrent is very much distorted, and
the harmonic comtent must be taken into consideration when
calculating the RUS vaelue of the current. Tha RMS valus of the
ourrent (Ipys) is obtained by multiplying by a factor kp the current
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\'1

v {vours)
o 05 ' "5 2

Fig. 315 ~ Resistance voltage

characteristic for a one-ohm

Metrosil element withB = 0.25.
which would flow
in response to a
constant voltage FACTOR
equal to the RMS %
value of the 4
applied wltage, 4
The variation 3
of kr with is 2
Shows 1n Tip, 312, | i

The o2 025 o3 035 04 =8

power digsipated
for a sinusoidal
applied voltage
is given by Pige 316 = Veriation of kr with F

P =% Vrus Tous?
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where k;, depends solely

en 3 and varies as
shown in Fig. 317.
(IP is the Power Factor

for Metrosil, if ";‘%’"“

this term is used in lP

its general sense). vo
et

A Metrosil element

usually takes the form
of a cersmic cempound o4
moulded into a dise o2

or ring. Dempness ‘
oan be excluded by
impregnation or by
impersion in cil, Heat Fig, 317 - Vardation of kp with B,
has little effect, the

compound being stable

and mechaniocally streng

up to red heat, The power rating depenis to a large extent on the
mounting, With free air circulstien it is generally taken to be
1 watt/square in, of surface,

‘ A

o2 025 03 035 o4

When short duration overloads sre to be withsteod, the energy
can be caloulated from the approximate equation, (Energy in watt-
secs) = 712 x (Weight in k) x (Admissible temperature rise in °ca)

It is found that with a rise of temperature frem T, to T, ©°C.
Ri changes spproximetely according to the equation,

(R)z = (Ry)p, [ - 0-0028 (2; - 7,)].

Various applications of Metrosil are as follows :-
When used as a voltage limiter :-

(1) Lightning arrestor.

(11) Safety device to muppress transient surges in inductive
circuits.

(1ii) PField discharge resistors.
(iv) Protection of contacter coils.
When used as a varisble resistor :=
(v) ‘Overload protection.

(vi) Veltage regulation.

(vii) Productien of harmonics.
(yiii) Pulse shaping.

(ix) Bridged - contact switching.
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45, Thermistors

Thermistors, or thermally sensitive resistors, are devices made of
materials which have a high negative temperature coefficient of resistance.
The resistance elements are made from a mixture of certain metallic
oxides which are all ssmi=-conductors, one of the ‘most frequently used being
uraniun dioxide, which has a sensitivity of 5 x 10% olm-om. at 0%,
decreasing to 2.8 x 107 ohn-cm. at 100%. Fig. 318 shows the relevant
electrical properties of two commonly used thsrmistor materials, uranium
dioxide and nickel manganese oxide, with the corresponding ocwrve for
pPlatinum added for comparison.
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‘i.g. 318 - Resistance erature characteristics of thermistor
t f plat f pari
materials, with curve of platinum for com SON.

During manufacture the material is fired at a high temperature and is,
therefore, not affected by subsequent heating to about 500°C,

The resistance material may be formed, from heated compressed powders,
into small bead type elements, tubes, rods, discs or washers of various sizeas to
cover a wide range of resistancea and power handling capacities, The
heating of the element may be achieved by passing current through the
resistance material itself (directly heated type), or by an independent
heater insulated electrically from the element (indireotly heated type) or
by placing the element in a heated enclosure and permitting the resistance
to be governed mainly by the embient temperature,

Some typical thermistors are illustrated in Fig, 319.
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(a) {b) (c) (@) €)
Pig. 319 = (&) (b) Directly-heated thermistors
{c) (4) Indirectly heated thermistors
(e) Disc thermistor
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Physical Properties of Thermistors

There are three main types of characteristic curves used to specify
thermistor performance: the resistance/temperature curves, the resistance/
powsr curves, and voltage/current curves, Examples of these are shown
in Fig. 320,
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It will be noted from Fig. 320 (c) that as the current through
the thermistor is increased, the potential difference rises rapidly
and soon attains a maximum value, Thereafter there is a rapid drop
in the potential with further increase in current. Subsequently the
potential decresses very slowly and mey under suitable conditions remain
constant over a fairly wide range of current. The negative slope
resistance property permits a wide range of applications.

In Fig. 320 (e) each time the current”is changed, sufficient time
is allowed for the potential to attain a new steady value, Owing to
its thermal capacity the change of resistance lags behind sudden changes
in applied heating power, The thermal time constant of average
thermistors lies between 0.5 and 4 seconds,

Application of Theruistors

(a) Their resistance temperature charscteristics make thermistors
very suitable for

(i) Temperature Measurement where the large value of
temperature coefficient of resistance, 5 to 10 times that of
platinusn, permits a hifher order of sensitivity to be attained
in conventional brid7e or othsr resistance therno wiry sysle .
Mhe aaximum operating temperature is limited to 5009%,

(1i) Temperature Control Systems

(ii1) Compensators to correct for changes of resistance in
electrical elements, having positive temperature coefficients
of resistance, ceused by ambient temperature variations.

(b) The voltage - current characteristics meke thgrmistors very
suitable for

(1) Low Power Measurement In this applioation the thermistor
is designed to act as a power absorbing terminating resistance in the
transmission line, which may be of the open wire, coaxiel or wave-guide
type and to form one arm of a Wheatstone Bridge circuit. The application
of the power to be measured decreases the thermistor resistance and the
bridge is disturbed from the initially adjusted state of balance. From
the bridge weter reading or the resistance adjustment required to restore
the balance the incident power may be calculated. Methods of mounting
have been designed to minimise the reflecition of energy from the temination
and assure accurate measurement of the power over broad bands in the
frequency spectrum.

The particular advantages of thermistors for this purpose are that
they can be made small in size, have a small electricel capacity, can be
severely overloaded without change in calibration, and can easily be
calibrated with D.C. or low frequency power.

Powers from 4 microwatt to several hundred milliwatts may be measured
by this technique; the lower limit is set by the sensitivity of the
Galvanometer and the complexity of precautions taken, powers above 1 milli-
watt being measurable with comparative simplicity. The uncertainty in
measurement by present thermistor techniques of powers of approximately
1 milliwatt is less than 7 db at 200 M¢/s, about 1 db at 3000 Mo/s and
about 3 dbs at 10,000 M¢/s.

When power measuring test sets are intended for use with wide
anbient temperature variations, temperature compensation of the thermistor
is essential. This may be accomplished by the introduction of two other
thermistors into the bridge circuit or by the oombination of two or more
thermistors with gifferent temperature characteristics.
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(4i) Oscillator Automatic Amplitude Control.

(11i) Amplifier Automatic Gain Control.
(iv) Regulators, Limiters, Surge suppressors, etc.
ic characteristics.

If a thermistor is biassed at a point on the negative slope portion
of the steady-state voltage-current charactefistic, and if a small alternating
voltage is then superimposed on the direct voltage, a small alternating
current will flow., If the thermistor has a small time constant, T , and if
the applied frequency is low enough, the alternating voltage-current
characteristic will follow the steady state curve and“/%7 will be negative,
As the frequency increases, //f becomes smaller compared with Tand an increasing
phase lag between current and applied voltage developes, This is illustrated
in Pig. 321. A portion of the static curve (a) holds for direct currents,
As the frequency rises the graph asswmes the form (b)e When the phase delay
reaches 90° at a frequency fo, say, the impedance is a pure reactance.

(o) Further inoreases in frequency are accompanied by a diseppearance
of the negative resistance property (d) and ultimately the thermistor behaves
like an ordinary ohaic resistor (e} when the current and voltage are in
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Fig, 321 - Static characteristic (full) and dynamic
characteristic (dotted) of thermistor for different frequencies.

The critical frequency is given approximately by fc = 1/2 T Thus the
inherent thermal capacity of the thermistor limits the frequency range over
which the negative incremental resistance properties may be utilised in
oscillators, modulators, amplifiers, etes Thermistors have been designed
capable of oscillating at frequencies up to about 5 K¢/s but they cannot yet
be manufactured with sufficient reproducibility and constancy to be useful
outaide the laboratory.
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