





‘OSCILLO GRAPHS

A OONCISE TREATISE ON THE THEORY
CONSTRUCTION, AND USE OF ELECTRO-
. MAGNETIO, HOT-WIRE, TLECTROSTAPH oo
AND CATHODE RAY OSCILLOGRADf

BY

J. T. IRWIN

ASSOCIATE MHMBHE OF THH INSTTTUTION OF MLEOTRIGAL
' HNGINNHES; BOMBTIMA LECTURNR IN NLNOTRICAL DBSIGK

LONDON
SIR ISAAC PITMAN & SONS, LTD.

PARKER STREET, KINGSWAY, W.C.2
BATH, MELBOURNE, TORONTO, NEW YORK
1926




302

PRINTED IN GREAT BRITAIN
AT THE PITMAN FRESS, BATH



¥ THIS book is dedicated to my friend Mr.

8..8. A, Watkins, my colleague for many

years at the City and Guilds Engineering

College, London. He gave me much valu-

able help on oscillographs, and rediscovered

the method of damping oscillographs by

means of a resonant shunt when working

independently of me in Amerioa. '

. J. T. IRWIN.
Bovairy,

LimMavaDy,
- IRELAND.

\



-



PREFACE

Axyonm who worked at the Central Technical College,
Jyondon (now the City and Guilds (Eng.) College, under
" Professor Ayrton, or later under Professor Msther, will
understand the happy conditions which made possible
the greater portion of the work represented by this
book. While routine work had to be carried out with
great care, every encouragement was given to work of
an original character, and difficult problems were
subjected to constructive and friendly criticism.
Equally happpy were the relations between the junior
members of the staff, and the author has to acknowledge
the help received from his former colleagues and also
from a long line of able students who assisted him with
experiments. It would be almost impossible to make
a ocomplete list of these, and it would be unfair to those
lgft out if an incomplete list were published. Special
mention must, however, be made of the valuable help
received from Mr. F. W. Andrews, the instrument maker
at the College, and from Mr. J. King, the laboratory
attendant.
With regard to the book itself the aim has been to
" make it suitable for any technical student of ordinary
“ability, as the mathematics do not go beyond the
simplest integral and differential calculus, and the
apparent complexity of some of the proofs is due only
to a desire to put in all the steps necessary to the
solution of the problem.
The only exception to this is the portion due to
"~ Mr. Hodgson and specially indicated in the text. This
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vi Preface

portion, which involves higher mathematics, can be
skipped by those unable to follow the proof, and the
results accepted so that there may be no break in the
sequence.

The Cambridge Instrument Co. and Mr. R. W. Paul
have been closely identified with oscillograph develop-
ment in England, and the author has to acknowledge
his indebtedness to these firms (now amalgamated as
the Cambridge Instrument Co), for the loan of blocks
referring to their products. Permission hes also been
kindly given to use Figs. 73-76, taken from Dufour’s
book on the cathode ray oscillograph.

The reading of the proofs was carried out by my
friend and former student, Mr. R. E. Neale, in a very
thorough manner, and many edditions and explanations
are due to him. )

As the work is t0 & great extent original, and as the
author has had no facilities for confirming some of the
later theoretical results, he would be glad if anyone
carrying out investigations along the lines inentioned
would communicate the results to the editor or the
author. He would also like to have any inaccuracies
pointed out.

J. T. IRWIN.
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SYMBOLS AND ABBREVIATIONS
Tem following symbols and abbreviations adopted by
the International Eleotrotechnical Commission are used -
in this volume—
A = ampere
mA = milliampere
H#A = microampere
V = volt
uF = microfarad P
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OSCILLOGRAPHS

. CHAPTER I
FUNDAMENTAL PRINCIPLES

The Name and Invention of the Oscillograph. The
name * oseillograph ** was first adopted by Blondel to
denote an instrument for indicating the instantaneous
value of an electric current.

Almost any instrument which accurately indicated
the ourrent flowing in a oirouit could be used to show
the instantaneous value of an eleotrio current if the
latter changed. very slowly from one value to another,
but when the changes are extremely rapid a very
restrioted choice of instruments is available.

The oscillograph is concerned chiefly with the
graphic representation of very rapid oscillations, and
the name might perhaps have been chosen so as to
indicaté the chief application of the instrument.

The osoillograph, like so many other instruments,
is a development springing from a need ; nevertheless,
the work of Blondel was so outstanding, firstly in
indicating the conditions to be fulfilled and secondly
in perfecting an instrument, that it is only fair that
he should be hailed as the inventor. On the other
hand Duddell, starting with the bifilar type of instru-
ment first suggested by Blondel, displayed so muoch
gkill and ingenuity in perfecting this type that it prac-
tically displaced the use of the moving iron.type
chiefly used up to that time by Blondel.

I



2 Oscillographs

Other investigators have devised special oscillo-
graphs and the references given in the Bibliography
(p- 162) should be consulted by those specially inter-
ested in the subject, as it is outside the scope of the
present work to give anything in the nature of a
detailed historical resums. .

Theory and Principle of Working. To study the
theory and principle of working of an oscillograph it
is best to take the simplest
. case and for this purpose the
¥ Einthoven galvanometer (or
§ © oscillograph) may be con-

sidered. The essential fea-

7 F
. On:r};:lehlhr‘ = ture of this instrument is a
fobeer, @ Stretohed conducting fibre or
wire placed in & strong mag-
" netic field. The current to
° be indicated is sent along the

Fro. 1.—Foram ox ACURRENT- wire and the Pposition of the

T ASooPROTOR I gire is indioated by some

suitable means.

If, in Fig. 1, ab is the stretohed wire, and if it be
assumed that there is & strong field across the wire
from the observer into the plane of the paper, then
there will be a foree on the wire at every point tending
to make it more towards the left when a ourrent is
flowing in the direction shown by the arrow, from b
to a.

Every force, however, is balanced by an equal and
opposite one, and, in the present oase, the force due
to the interaction of the .conductor carrying the
- ourrent with the magnetic field is halanced by the
resultant of three other forces, These forces are—
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1. The control forece due to the tension in the wire.
This acts to bring the wire back to the central posi-
tion where the tepsion is least—that is a straight
line between the points @ and 5. For small deflec-
tions the control force can be taken as proportional
to the displacement of the wire from its central
position.

2. The inertia force, equal to the mass times the
acceleration. That is, the rate at which the velooity
is changing multiplied by the mass gives the force in
absolute units. If the velocity is increasing, the
inertia force is opposing increase of velocity. If the
velocity is decreasing, the inertia force is opposing the
decrease in the velooity. '

3. The frictional force due to the movement of the
element through the surrounding medium. This
force always aocts in the opposite direction to which
the wire, or the element of the wire, is moving, and
its magnitude is roughly proportional to the velocity
agd to & coefficient which is determined by the fluid
employed, the section of the wire and the nature of
the surrounding enclosure of the wire.

From the consideration of the above rules it is
evident that, if forces (2) and (3) could be made quite
small compared with (1), then they could be neglected
and we would have the one result that the force due
to the interaction of the current and the magnet field
would be opposed by the equal control force, but the
control (or restoring force) acting on the wire is pro-
portional to the displacement. Therefore, for this
particular condition, the displacement would be pro-
portional to the current flowing, and if this displacement
could be observed or recorded, it would give a means
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of determining the strength of the ourrent at every
moment.

The greater the tension on the wire the larger is the
force due to the control, and the more rapid the
changes in the ourrent which the wire is able to
indioate accurately.

It will be seen later that an oscillograph without
any added damping, apart from the natural damping
of the wire itself, can indicate very accurately periodic
alternating ourrent of a frequency, one-tenth the
natural frequency of the oscillograph.

On the other hand, no matter what the control
force may be, if the rate of change of the current is
very rapid the inertia forces will also be relatively
large and will cease to be negligible. If there is &
ourrent switched on instantaneously then the wire
will have a large velocity imparted to it and the
kinetio energy stored in the wire by virtue of this
velooity will be spent in backward and forward move-
ments of the wire until the whole energy is dissipateg,
just as the impulse given to a pendulum is spent
in backward and forward swings which gradually
become less until the pendulum stops at the mid
position.

Conversely, if there is a steady current flowing in
the wire producing a steady deflection, and the our-
rent is suddenly stopped, the tension on the wire will
give it a high velocity which will start free vibra-
tions and the duration of these vibrations will depend
only on the fristional forces which damp down the
motion.

In both these last cases where there are free vibra-
tions of the wire, apart from the original force that
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produced them, the displacement of the wire at any
instant is no indication of any ourrent value.

Buch free vibrations should therefore not be allowed
exoept where their ooourrence cannot produce any
wrong interpretetion of the results and, generally
speaking, oscillographs are used with a large frictional
or damping force owing to the extremely rapid changes
of ourrent that can take place with electricity as com-
pared with say, the change that could possibly take
‘Place in the cylinder of a steam or gas engine, where
the indjcator performs a funotion akin to that of the
osoillograph for electricity.

FomesonaGmant-carryingWimVibmﬁngin
8 Magnetio Field. A simple wire, of mags m per om.
length, placed in & magnetio field will have the follow-
ing forces, measured in dynes, acting on any unit
length—

(1) The eleotromagnetio force — T.d B dynes per
centimetre length ‘; where 4 is the current in amperes,

and B is the strength of field in lines per square
centimetre,
w8

(2) The oontrol force = — AT Té

A is the displacement of the partioular length chosen
from the central position of the wire. 7' is the tension
of the wire in dynes, I is the length of wire between
supports in oms.

(3) The damping force = —pv; where v is the
velocity, in oms. per sec., and p is the coefficient that
depends on the fluid employed, the section of the
wire, and (to some extent) on the surrounding chamber,

2—(97)

=—kA; where
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(4) The inertia force = —am; where @ is the

acceleration in oms. per sec., and m the mass per unit
length.
- If the wire in Fig. 2 vibrates about its mean position
PQ under the influence of an alternating current
whioch varies sinusoidally, then its extreme amplitude
is represented by the dotted lines in Fig. 2(a).

1: P P P P
/ ‘\ /4\‘ ‘\\ ,’/-\“ /i
[I “v :" \ A i f \\ {[ !
| I -kAl \
R e ] i
[ Py
\\i /l Wi / \\ / \
\/ A / AW \
Q Q Q Q Q
(@ ()] © @ ©

F16. 2.—ILLUSTRATING CONDITIONS OF VIBRATION OF A
SreETOEED WRE PQ

If movements to the left and forces to the left be
considered positive then, if the displacement of the
wire in Fig. 2(b) is A and if it be moving to the left,
the control force at that moment is — kA, ie. it is
acting to bring the wire to rest or to stop the move-
ment.

The frictional force is — pv, where v is the velocity,
and also aots against the movement. The inertia
force is acting in the direction of motion, tending to
prevent change of motion, and is equal to the rate at
which the velocity » is changing and, since the velocity
is decreasing, the force is positive and is equal
to —(—am) or am. Therefore the inertia force is
opposing the control force and, at that instant, the
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damping force is in the same direction &s the control
foroce.

When the wire reaches the extreme position to the
left, shown in Fig. 2(c), the control force is still aoting
towards the right and has its maximum value ss the
displacement is & maximum. The damping is zero at
that instant as the velooity is zero. The inertia foroe
is & maximum, as the rate at which the velocity is
changing is & maximum, and is acting in the same
direction as in Fig. 2(b), i.e. in the opposite direction
to the control force.

When the wire arrives on its return journey at the
mean position, shown in Fig. 2(d), the velocity is a
maximum and the rate at which the velocity is
changing is zero, therefore the inertia force is also zero.
As the wire is in the central Pposition there is no restoring
or oontrol force on the wire, g0 the control is also zero ;

- but, as the velocity is a maximum, the damping force
is & maximum and now acts towards the left and is
Positive as the velocity is negative.

When the wire arrives at the position shown in
Fig. 2(e), and is moving towards the right, the (nega-
tive) velocity is growing less and, as the forece of
inertia. opposes the change of velocity, the inertia
force acts towards the right and is therefore a nega-
tive force. The control or restoring force is towards
the left and is therefore positive, while the damping
force is also towards the left and Positive as it tends to
stop the'movement,

If this reasoning be followed, step by step, it will be
seen that for a wire vibrating under the influence of g
simple periodio alternating current the inertiq force and
the control force always act in opposite directions—that
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18, the conirol force t8 a mazimum when the inertia force
88 a mazimum and they are opposite in phase. To find
their resultant st 18 only necessary to subtract the value
of one from the other.

On the other hand, the damping force is & maximum
when the control force is zero and it can only be com-
pounded with the control or with the inertia force
vectorially to give effective values.

For instantaneous values, the foroes can all be added
algebraically thus, for the position shown in Fig. 2(b) :
If 4 is the instantaneous value of the current then—

i
EB—kA—pu—am:o

since these are the only forces that can aot on the
wire and the sum of them must be zero at any moment.

If the changes taking place in the current be very
slow then the terms pv and am are very small and can

be neglected when 5= B = kA, and the deflection A =

/10k. The condition that A = $/10% is only true for
steady ourrents or for conditions where the rate of
change is comparatively slow.

Graphic Representation of Conditions. Fig. 3 is a
graphic representation of the oycle of events repre-
sented in Fig. 2. In Fig. 3(a) the sine curve marked
A shows the displacement plotted against time. The
ourve marked — kA shows the control force acting at
every point in the opposite direction to the displace-
ment.

In Fig. 3(b) the curve marked v represents the rate of
change of the displacement or the velocity, and — pv is
the damping or frictional force acting in the opposite
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irection to the move-
1ent or velooity. @

U
%;
b
e

In Fig. 3(c), the Time
1rve marked a shows
e rate of change of < Displacemernt

>locity, and the curve Cortrol force
arked — ma repre-
mnts the inertia force
>posing the change
velooity. 1))
In Fig. 3(d), the
trve marked — (kA 4
' + ma) represents

d

i

<
<

Velocity

© sum, at every in- Damping
ant, of the control, Force
mping, and inertia Wik

rces, and must have <

posed to it the equal ©

—

rve ILOB whioh re- W Time
‘esents the inter- Acceleration Tnertia
sion of current and force

ld. The displace- B -
mtb ourve A is also s Garpvima)
vwn again for com-

cison and it will be @

:

served that the dis- : Time

.cementof the wire is

» & maximum wheln \ Displacement

+ current is n- ma.x}- Force dus to curremt
m but lags (in this and fle/d.

‘ticular case) about Sum of carttrol, damping.
behind the ourrent, arnd inertia forces.

F10. 8.—GRAPEIO REPRESENTATION OF
Cyorn or Evexts SEowN v Fia. 2
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Vectorial Representation of Conditions. A vectorial
representation of the same conditions is given in
ig. 4.
Fl%f A be the maximum displacement, then the maxi-
mum velocity is 2nfA where f is the frequenoy of
vibration of the wire. Writing 2nf = w, we have the
maximum velocity = wA and leading by an angle

gon the displace-

wA \ .
ment. The maxi-
) mum acceleration
WA A is o times the
//753 velocity and is
A &{” ®?A and leads the
=) A velocity vector by
,g\/ pwi g The upper por-

N kEA-mwAP+pw, tion of Fig. 4 shows

Fro. 4—Vmoror Rurmmsmyramon oy  bhis condition.

ConprrioNs DrricTED IN F1e. 2 The force dia

gram is shown in

the lower portion of the figure where the control force

is drawn in opposition to the displacement, the frio-

tional force in opposition to the velocity, and the
inertia force in opposition to the acceleration.

This diagram shows how the control force kA is
always opposed by the inertia force w?Am and how
the difference between the forces kA and w2?Am com-
pounded with the frictional force pwA gives the
resultant maximum internal force equal to

V(kA-mw®ARL (pwh)?;
and this force must be equal and opposite to the
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maximum exberma.i foroe -1—I0B. The lea.(i of the current

on the displacement is the angle a. .

Effect of Frequency. It is evident from Tigs. 3
and 4 that the resultant maximum internal force and
therefore the value of the current will not be constant
for a given deflection A but will vary with the fre-
quency. The larger the control force, compared with
the damping and inertia forces, n
the less the resultant internal ‘}B \
foroe will vary with a given
change of frequency, and there-
fore the less the change in the *& wAm-EA

value of the alternating current
to give an amplitude equal to
A and the smaller the angle a

wpA

v

Fia. 5.—AprLED FRE-
QUENCY == RESONANT

between the current and the P e O AT
dj?}hﬂen;;lt' " Wmm]_zm(:}gomio‘n Forom

the frequency of the alter- = 1A Fonon ;
mating current be raised until mnﬁmf
w3Am = kA, then these two
forces balance one another and do not require any
external force to balance their resultant, and if the
foroe pwA were made small the current required for a
given deflection would be very small and the instru-
ment would be & very sensitive detector of alternating
current of that frequency. This explains the great
sensitivity of the tuned vibration galvanometer.

When, however, w2Am = kA then (2xf)? = k[m
1 [k

andf = 21#/ m’

but this is the resonant frequency of the wire, therefore,
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when the frequency of the alternating current is t:he
same as the frequency of the wire, there is no in-
ternal force apart from the damping and the current

leads by g on the displacement. This is shown in

Fig. 5.
If the applied frequency be raised above the resonant
frequenoy of the wire then w®mA is greater than kA,

B
(W Am-EA),
P — 2

kA wAm-—
wplA I MPAm +wpA,

F16. 6.—ArrLmD FREQUENOY Ex0BEDS RESONANT FRRQUENOY
or THm WiRB; CURRENT LRADS BY MORE THAN
7/2 oN THRE DISPLACEMENT

and the condition of affairs is as shown in Fig. 6. The
angle o between the current and the displacement is

now greater than g and approaches = as the frequency

becomes higher.

Magnitude of the Frictional Force ; Damping. So
far nothing has been said about the magnitude of the
frictional foroe as compared with the control force.

As the oontrol force is independent of the frequency,
and the frictional foroe varies with the frequency, the
magnitude of the frictional force has to be defined at
some definite frequency and from that the coefficient
p deduced. .

The meximum value of the frictional force is
.@pA where A is the maximum displacement.



Fundamental Principles 13

Tf wpA were made equal to kA when kA = wimA,
then at this, the resonant frequency of the wire—

0)P=kk k
andp =-—=
7 ok JE
m
or p? = km.

At the resonant frequency of the wires, since the
control and inertia forces are equal and opposite, the
only internal force is the frictional force which—at
this frequency—has been made equal to the control
force. This has to be balanced by the force due to
the current jn the wire, therefore, the current required
will just have the same value as would be required to
overoome the oontrol force if the frictional and inertia
forces were entirely absent, and the maximum dis-
placement A due to & current 7 sin o will be equal to
the steady deflection due to-a current I. That is,
the deflection for a very low frequency and for the
resonant frequency of the wire will be the same.

This would correspond, in Fig. 4, to having all the
~ vectors kA, mw®A and pwA of equal length at the
resonant frequency of the wire.

This value of the frictional force has some merits
in practice, and has been advoocated as it gives prac-
tically the correct amplitude of deflection for moder-
ately low frequencies, and for frequencies near the
resonant frequency of the wire.

In general praotice, however, the frictional force
is made twice as great, i.e. p = 2 Vim = 2wm, so as to
make the instrument what is known as critically
damped ” or “dead beat.” Under these conditions,
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for a sudden increase or decrease of the current, the
deflection of the wire will just be increased or decreaged
in a corresponding degree, without any overshooting
of the final value. Any decrease in frictional force
below that corresponding to “ critioal damping *
would cause overshoot. *

[

B
o~

Displacemernt

7ime
Fre. 7.—DispraonMeNT-ToMm Cumvas CORRESPONDING TO
VARIOUS DRGRERS OF DAMPING
@) Dam greater than the critieal value; creeping deflection
(] SRR B ge: e «

Fig. 7 shows three curves corresponding to three
conditions of the frictional or damping force. Curve
7(a) is for & damping force very much greater than
critical and the deflection only attains to the value A,,
whioh it should have for the current 3, after a com-
paratively long time. Curve 7(k) shows the damping
force just at its critioal value, the deflection attaining
its final value in minimum time but without over-
shooting. Finally, curve 7(c) shows the damping
force less than critical and the deflection of the wire
overshoots its final position by about 37 per cent.

* For parallel electrical case see Btarling's Hlectricity and
Magnetism, pp. 331-341.
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In Fig. 7(c) the wire does not come to rest when it
returns to the value A,, corresponding to the current s,
but oscillates about that value. The rate at which
these oscillations die away is so rapid, for any prac-
tical value of damping, that it is only the first over-
shoot that is observable. Thus, if the first overshoot

i VAN

) sec. t

Fie. 8.—BrowmNe RAPID CBSSATION oF OSOTLLATIONS
CONSEQUENT UPON OVHRSHOOTING

represents 3 per cent of the total deflection, the over-
shoot on the opposite side of the final position is 3 per
cent of 3 per cent, or less than one in a thousand. Even
when the first overshoot is as much as 20 per cent,
corresponding to about half critical damping, the
second overshoot (towards the zero value of ourrent)
i8 only 4 per cent, and the third is less than 1 per cent.

This is shown in Fig. 8 where, in the left-hand dia-
gram, the time base is shown to a very large soale.
Thus, if the wire had a natural frequency of 6000 per
sec. when damped, the complete oscillation occupies
a distance of about 2.5 oms. in the left-hand diagram,
Fig. 8, and takes zyly; of & sec. In practice the time
basis is seldom greater than 400 om. per seo., and the
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graphio representation of the ocurve to this usual
scale is shown in the right-hend diagram, Fig. 8. It
is geen that the overshoot, instead of being a rounded
curve, nOw appears as a very sharp peak and, in a time
equal to gyt seo., the deflection has practically attained
its normal value.

It will be seen from the ahove considerations that an
osaillograph, to give a reasonably true record, must
have (a) its natural frequency high compared with the
frequency it is desired to observe; and (b) it must be
strongly damped or braked by a frictional force at
least equal to the ocontrol foroe at its own natural
frequency, when it is called upon to record sudden
changes in ourrent.

Motion and Dynamics of a Vibrating Uniform Wire.
There are some fundamental relations of a simple

£

i3
Fre. 9.—MomioN IN 4 VmsRATING UNFORM WmE I8
EVERYWHERR IOULAR TO THRE MmaN
PosrrIoNn

vibrating wire which it is desirable to establish. If a
wire be stretohed between two points P and @, Fig. 9,
and be made to vibrate between the extreme positions,
Pdye,f, @ and Pdge,f, Q then, if there is no longitu-
inal movement along the wire, the path of move-
ment of every point on the wire will be at right angles
to the mean position of the wire P d ef @, and a point
on the wire, say e, .will have a path e €eq
If the displacement of the wire at the centre = A and
if it be assumed for the present that the curve of the
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" wire when at its maximum displacement is repre-

sented by A sin z(%), where z is the distance from P

along the wire and [ the length of the wire, then the

displacement at (z + d) from P = A sin (z 4 dz) %
The slope of the wire at distance z from P

m T
- 08 Z— ;

1 4
and the slope of wire at distance z + dz

= A

= A;—T 008 (z + dz,) %

The angle between the two slopes when the latter
are small—
=AZ coazz—oos(z+dz)7—r
l 1 l
ol

™ m kul o .
= Af icoszl——cosml—oosdzl— +smzl

=A<;-’)=dzsinz<’ll>

When dz is so small that cos dzlf =1and sin-dx;-’

sindz?}

ks
= dzl
In Fig. 10 there are tangents drawn to the wire
corresponding to the ordinates at z and z + dz, and
shown as 7', and 7'y ; the angle between these tangents
is that given above.
There is & force acting along these tangents equal to
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the tension 7' in the wire, and the resultant of these
two tensions is the force accelerating the element of
the wire dz to the mean position.

When two equal forces act at & small angle to each
other the resultant can be shown to be equal to one of

_z
2 |

Pl dzp— Q@

Fra. 10.—IrrosTRATING TEE CONDITIONS IN A SHORT
OF A VIBRATING UNIFORM WIRE

[ > —>

the forces times the angle between them. In the

above cage the force on the element of the wire will be

MAG)’ sinol dynes . ()

The mass of the wire is m per unit length, hence the
mass of length dz = mdz.

2
dzTAG) sin 27
mdx

and the displacement of the wire = A gin z;—T

The acceleration =

)
Therefore f = A T

. ks
n ey

mAs
T\ 8

Where ml = M = total mass of the wire.
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From eqn. (1), the restoring force on unit length of *

a stretohed wire at any portion of its length is

7A(7)? sin 27

() oo

but A sin z%r is the displacement at that portion,

therefore the restoring force per unit length is
T(;) : times the displacement.

From eqn. (2), the frequenoy of vibration of the
wire is % % which is the usual expresgion for a
stretohed wire.

In the above it has been agsumed that the resultant
foroe acts at every point on the wire directly at right
angles to the mean position and this is generally very
nearly true for any practical amplitude of vibration.

It has also been assumed that the displacement
ourve is sinusoidal and it is evident that this must be
true if there is no control on the wire apart from the
tension in the wire itself. Any departure from a
ginusoidal curve would mean that portions of the wire
would be experiencing & greater or smaller force than
would be required to give them the necessary accelera-
tion for the same frequency at every point on the
wire. As long as the wire vibrates as a whole and does
not give out overtones, and as long as the rigidity of
the wire is not appreciable, compared with the force
due to the tension, the displacement along the wire is
sinusoidal.

Conditions of Vibration in a Loaded Wire. When
the wire is loaded in the middle & new condition of
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affairs exists and, to find the frequency of vibration,
it will be assumed that when the wire is loaded it is
also shortened as shown in Fig. 11 so that its frequency
of vibration remains the same as before.

Let I, = the length of the loaded wire; and A = the
maximum deflection of unloaded wire. If M, be
the weight applied at the middle of the wire then, as

Fre. 11.—UNmpoRM AND LoADED WirES oF EQUAL

* FREQUENCY OF VIBRATION
‘

the frequency does not vary with the amplitude of
vibration, M, can be given as maximum displacement

l
equal to Aainm;—r; wherex=§‘.

The load M, and the point f will then be vibrating
with equal amplitude and equal frequency, therefore
the portion df? of the loaded wire will vibrate in an
exaotly similar way to the portion df of the unloading
wire.

The acceleration of a unit length m, near M, will
be the same asg if it were in the unloaded wire, and will

TA G)’ sin 27
be —————
m

. (3)

o &
The_acceleration of M, is TMsm a, (see Fig. 11B),
3
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but sin @ = tan q, when a i8 small ; and tan a or the

slope of the wire at M, is equal to A 7—;005 z’-lr, hence—

. 2T A ;Ioos 7 ; 3
" aoceleration of M, = . . (4).
, ¥,
9
o
 pe\
Eor\
s
8305
D Dow
E 0
Loz
o7
0
o1 2z 3 g5 6 7 3
Waight of wire.

F1a. 12—Errmor or LoADING ON THE FREQUENOY oF
VIBRATION OF o WiEm

The acceleration of M, and of the small portion near
it being equal, we may equate the expressions (3) and
(4); ie. ’

r\ 2
TA <7)
T 2
™

™ ks k

Vi 2TA—loos:c7
M,

M1 :

T, - - -0

8inz
m

.‘.ta.nxT=

where M, is the total mass of the longer (and wnloaded)
8—(8807)
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For different values of .J;{é’ z can be found, and

2
2 z = the length of the shorter wire. Knowing this,
the weight of the short wire can be found and it is
the ratio of the added weight M s to the weight of the
short wire that is called the loading.

Against this loading it is only necessary to plot the
ratio I,/ since the frequency of vibration of an unloaded
wire is inversely proportional to the length, and such
& ourve is shown in Fig. 12.

It can be shown that, where the loading is small—

Frequency of loaded wire _ Weight of wire
Frequency of unloaded wire  Weight of wire + load

Thus, for a loading weight equal to 20 per cent of
the weight of the wire this gives a frequency of vibra-
tion equal to 833 per cent of the frequency of the
unloaded wire, whereas the true value is 84 per cent,
nearly. .

From the two equations (2) and (5) it is possible to
obtain by deduction the frequency of any stretched
wire when loaded, or of a bifilar system with a mirror
placed across it, as long as the torsional forces are
small compared with the tensional forces.




CHAPTER II
TYPES OF OSCILLOGRAPHS

Einthoven String Oscillograph (or Galvanometer).
This instrument was used originally at lower than
what might be called oscillographic frequencies, but
with improvements in .

its construction it hag
been used for higher
and higher fre-
quencies. It consists
essentially of a con-
duoting fibre or wire
stretched in a strong
magnetic field and
differs nothing in
principle from the 962
simple wire we have c

been considering in -

tho previous chapter. i 13__Dusonsoctro Raran.
In practice, the fibre BTRING GALVANOMETER

is made very fine, a

diameter of 0'02 mm. or less being common when it is
made of silver or tungsten and a diameter of 0-002 to
0003 mm. when it is made of silvered glass.

In Fig. 13 is shown a diagrammatic view of a fibre
mounted in & strong magnetic field, with one system
of lens for strongly illuminating the fibre from some
suitable source of illumination, such as an arc lamp,
an over-run “ gasfilled ” lamp, or a Pointolite lamp,

23
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Oscillographs

and with a second system
of lens for observing the
movement or projecting
the movement on to a
screen or photographic
plate. Sucha lenssystem
for illuminating and ob-
serving a fibre of 0-003
mm. diameter is really
& microsoope, and the
optical arrangements
normally recommended
by the Cambridge Instru-
“ment Co. are shown in
Fig. 14 where the mag-
nets are omitted for the
sake of clearness.

A Pointolite lamp is
used as the source of
illumination and the
light from this is con-
centrated on the fibre by
the main and substage
ocondensers. An image
of the illuminated fibre
is projected by means of
the objective and eye-
piece on to the soreen or
Photographioc plate.

In the absence of any
further lenses this image
would appear as a bright
eiroular patoh with the
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fibre showing as a vertical black line scross it as shown
in Fig. 16(a). In order that very rapid movements of
the fibre may be observed, this vertical black line
must be reduced practically to a point and this is done
by two cylindrical lenses with their axes horizontal.

Do~
(a) (b)

(c)

Fia. 15.—ILLusTRATING TER REDUOTION OF THE
ImaGE oF A Frsem To & Pomnr

The first oylindrical lens reduces the circle of light
to an eélipse as shown in Fig. 15(b), and this is reduced
by & second oylindrical lens to & bright illuminated
line, shown dotted in Fig. 15(c), with the fibre showing
as & black spot on this line.

Movements of the fibre result in proportional move-
ments of the black spot along the illuminated line, and
the lens system is such that the movement of the
fibre is magnified 500 to 600 times on the plate.

With any particular fibre, the sensitivity of the
instrument for steady ourrent conditions depends
solely on the tension and, as the mass per unit length
is very small, the tension need not be high for moderate
frequencies.

Thus, for a silver wire 0-02 mm. in diameter to have
& frequency of 100 per sec. when its total length is
10 cm. we must have & tension given by—

T=4f21 M.

where M is the total mass of the wire

= 3:3 X 104 grams.



. 26 Oscillographs
T'=4x 10¢ x 10 X 3-3 x 10~ dynes,
= 132 dynes = 0-135 gram.
The force,on unit length at the centre of the wire is—

LA
AT T B.

where A — displacement of the wire, in cm.
T = tension, in dynes
L = length of wire, in cm.
1 = current, in A
and B = strength of magnetic fleld, in lines per
8q. cm.
Suppose the deflection on the screen is 1 mm. and
the magnification is 600, then the actual movement of
the wire is g7 om. Hence—

m? i
Tvg 182 O™ B
and, if B = 20,000 lines per sq. cm., then—
1=1.075 X 10 A.

It is seen, therefore, that such an instrament gives
roughly 1 mm. deflection for a current of 1A when
the tension is adjusted to give a natural frequency of
. 100 per seo.

The damping or frictional force due to the move-
ment of the wire in air is, however, too small to make
the instrument anywhere near dead beat and it is
only silvered glass fibres of about 0-0025 mm. diameter
that are critically damped or dead beat at this fre-
quency.

There are many cases in practice where an instru-
ment of the above sensitivity is very useful, even at
commercial frequencies, as the errors introduced
owing to the frequency of the meaguring oscillograph
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oan be compensated, or the results corrected, as shown
in Chapter IV.

To raise the natural frequency of the gbove instru-
ment to 1000 per sec. would require the Jension to be
increased to 100 times the former v , i.e. to 13-8
grams, which would be over the safe”stress for this
size of silver wire.

The length of the fibre can be shortened without
loss of sensitivity and without altering the frequency
of vibration as, from the equations already given, it
can be shown that the ourrent required to give a
deflection of A cm. is—

4owsAmfﬂ11§A.

where m is the mass per unit length of the wire.

Therefore the length of the wire does not affect the
senaitivity theoretically, as long as the portion of the
magnet cut away to accommodate the lenses of the
microscope does not form an appreciable portion of
the length of the fibre.

In practics, when the fibre is short, this inoperative
portion of the fibre becomes very important and
lengths shorter then 5om. are seldom used. With
this length frequencies of 1000 are quite possible, and
even frequencies of 2000 per sec. with phosphor
bronze wire.

To obtain a photographic record of the movement
of the dark image made by the fibre it is necessary to
move a photographic plate or film at right angles to
the illuminated line along which the dark image of the
fibre moves and to exclude from the plate all other
appreoiable sources of light. A special camers, is used
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to give an even speed to the plate and to cut off stray
light.

The last oylindrical lens is generally graduated
vertically in millimetres so that these lines appear as
faint white horizontal lines on the negative. There is
also what is known as a time marker, which periodic-
ally cuts off the whole of the light for a very short
interval of time. This gives a vertical white line on
the negative and, as this cutting off can be arranged to
take place at equal intervals, the plate is divided up
into equal time intervals and this facilitates precision
in the measurements of quantities from the plate.

Fig. 16 is reproduced from such & plate showing
records of the voltage given by a normal heart between :
(I) The right arm and left arm ; (II) The right arm
and left leg; and (III) The left arm and right leg.
The scale of ordinates is 1 mm. = 1555 V, whilst the
absocissae are fifths and twenty-fifths of & second for
the thick and thin lines respectively.

This reproduction illustrates very well the pre-
oision of the instrument for comparatively low fre-
quency measurements. Its range can be extended up
to a higher frequenoy when the electrical method of
demping is used.

The record reproduced in Fig. 16 was taken with a
silver glags fibre, but very fine silver, aluminium or
tungsten wire can be used.

Fig. 17 shows two records taken with an Einthoven
galvanometer where the frequency was inoreased up to
500 per seo. This record was taken on an ordinary
cinematograph film running at & speed of 200 cm. per
sec. The first portion (a) is & record of switching on
a ourrent when the damping is that due to air only.
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The second portion (b) is a record of switching off a
current when the instrumert is damped by conneoting
a resonant shunt in parallel with it as described later.
It will be seen that the free vibrations are wiped out
in the second cage.

e e n

‘With dam;
2 connected

‘With atr dam slons b; -
@ ping ning y;amélal
F1e. 17.—Ru00RDS oF MAKING AND BrmARNG A CrRoUTT
USING AN EINTHOVEN (ALVANOMRTRER

Blondel Bifilar Oscillograph. Blondel showed that
with & moving coil galvanometer, having a coil sus-
pended by two wires in tension, the sensitivity, at a
given frequency, was increased as the number of turns
on the coil was reduced, and reached & maximum
when the “coil ” reached its elemental form of &
single loop of wire stretohed in a magnetic field with
an indicating mirror placed across the loop.

Such a galvanometer or oscillograph is shown in
Fig. 18 where a loop of wire a b ¢ d is shown stretched
aoross two bridge pieces and placed in the field due to
the magnetic N.S.

A ourrent passed through the loop, up on one side and
down the other, causes one wire to be deflected away
from the observer and the other towards the observer.
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The relative movement of the wires is indicated by the
mirror M, stuck across the wires at their middle point
and, within limits, the closer the wires are together, the
greater the angular deflections of the mirror.

The spot of light reflected from the mirror will move

through 4'5 times the distance moved by one of the

D
wires ; where L is the distance of
the scale frqm the mirror, and D is Ec

the distance apart of the wires.

In practice, a distance apart of
the wires less than 0-30 mm. is rarely
possible, and a distance I greater
than 50 om. is seldom used when the a. .d
mirror across the wires is very small. / \
This gives a maximum ratio of move- F1a. 18.—Dr1aqram-
ment of spot to movement of wire of MaTio Rurrusmyra-
6600—or eleven times the magnifi- mgﬂﬁim
cation obtained by the Einthoven
galvanometer using a magnification of 800—but this
advantage is reduced owing to the mirror requiring a
much heavier wire to carry it, and owing to the greater
tension required by the heavier wire and its mirror
load to bring the frequency up to the same value as in
the Einthoven instrument.

For very feeble currents and comparatively low fre-
quencies the advantage is altogether with the
Einthoven galvanometer, whereas at high frequencies
and comparatively large currents the advantage is
with the bifilar oscillograph.

Damping. Starting with the bifilar arrangement
shown in Fig. 18, the first consideration is how to
secure efficient damping.
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For low frequenocies there is no difficulty, as immers-
ing the wires and mirror in oil of a medium visoosity
oan be arranged to give all the damping required.

For high frequencies, however, the damping force
required is very great and, to secure & sufficient force,
Duddell used strips instead of wires and placed them
in parrow channels cut in the magnetio cirouit with &
narrow tongue of iron between the
strips.

Duddell Bifilar Oscillograph.
The general arrangement of this
instrument is shown in cross sec-

Fro. 10, tion by Fig. }9, where @ is the
Cx;gsal‘gogﬁg: AP;;N ttgngi;ue of t:;)ft ]L.;O; pﬁed Ibetween
g ! © two strips § 8. The clearance
Am Gofmi:amnm between the sides of the strips
and the ohannels in which they
are placed is so small that when the whole space is
filled with oil there is a very considerable foros opposing
any rapid movement of the wires, and sufficient damp-
ing force is obtained. The tongue is cut away at the
middle of the strips to allow the mirror to be placed
across the strips.

Generally a second element or loop is placed in the
8ame magnetio cirouit and olose to the first element, so
that the two oan be illuminated from the same source
—preferably an aro lamp.

A complete Duddell oscillograph with two elements,
as made by the Cambridge Instrument Co., is
shown in Fig. 20, where C is an electromagnet, for
Producing & very powerful field between the pole
pieces §8. The two loops are mounted on indepen-
dent frames, so that each can be rotated through a
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small angle by a screw L sufficiently to bring the light
spots reflected from the mirrors together on the
screen or plate and coincident with the spot reflected
from a small mirror placed between the two vibrators.

With the two elements it is possible to obtain two
records simultaneously on one plate, e.g. the current
flowing in & cirouit and the Pressure across any part
of it, but great care has to be exercised that the differ-
ence in electrical potential between the two loops is
not large for, owing to the minute clearances between
the moving strips and the iron, there is always a
danger of a breakdown and consequently disaster to
the movements, .

The switching arrangements must also be such that
the opening of any switoh does not allow a difference of
Ppotential to exist between the two elements, Generally
speaking—and always when fairly high frequency
currents are being investigated—the iron case of the
magnet should be connected to the common point of
the two strips, 80 as to prevent the flow of current from
the edge of the strip to the iron frame,

It is probable that nine-tenths of all the breakdowns
of Duddell oscillographs are due to failure to take these
Pprecautions, .

In the particular model illustrated in Fig. 20, the
natural frequency of the vibrating system is about
10,000 per sec. when undamped, that is without oil
in the damping chamber, the tension on each loop
being 100 grams or 50 grams per strip. The size of
mirror is 0-3 X 1-0 mm.

When the damping oil is introduced the frequency
of vibration of this instrument in common with all
oil-damped oscillographs is reduced, even when the
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visoosity of the oil is muoch less than would glve
efficient damping, and apart altogether from the lowering
of the frequency due to damping.

The reason for this is that a body in motion in &
fluid has energy stored in virtue of its velocity equal
80 7 v,% + § Zmyv,2; where my is the mass and
v; the velocity of the body itself ; m, is the mass and
v, the velooity of any small portion of the fluid put in
motion by the movement of the body ; and § Zmg v,
is the total energy stored in-all the fluid by virtue of
its motion.

In practice it is found that the effective frequency
may be reduced by as much as 33 per cent, corre-
sponding to an inorease of effective mags of about 130
per cent, and as the specifio gravity of the oil is about
one-tenth that of the phosphor bronze strips, the
volume of oil put in motion by the strips is some
thirteen times the volume of the strips themselves.

This reduotion of effective frequency, to 0-66 of the
frequency when not immersed, reduces the factor of
merit ” of the instrument to 43 per cent of what it is
undamped and, in addition it introduces an uncer-
tainty as to what should be called the * natural ”’
frequency of the instrument.

Superimposed on this uncertainty is that due to the
change of viscosity of the oil caused by change of
temperature ; this change of visoosity alters the
damping coefficient so that the theoretical correction
of the record from an oil-damped instrument is & matter
of doubt. ’

In practice & correction for the magnitude of the
deflection of an osoillograph can always be obtained
if there is a high frequency alternator available for, if
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a constant current be kept flowing through the instru-
ment, and the frequency of the current be varied then
a curve can be drawn showing the faotor at each fre-
quency by which the deflection must be multiplied
to make it equal to the deflection at very low
frequencies.

The correotion for phase or time displacement of the
deflection from the ourrent producing it is not 8o easy
to determine. If, however, a second osocillograph be
available from which the damping oil can be removed
then, if the oscillographs have the same ourrent
passed through them in series, their records being
taken on the same plate, the phase displacement of
the damped record can be compared with the un-
damped at the whole range of frequency of the instru-
ments, and as the phase displacement of the undamped
instrument can be easily caloulated from its constants,
the phase displacement of the record of the damped
osoillograph from the actuating ocurrent can be
calculated.

It may be said, however, that for ordinary com-
merocial work, where harmonics up to an- absolute
frequency of 1000 per seo. are’ concerned, no correction
is necessary for the above instrument at its normal
frequency.

As the size of the mirror in this particular type of
instrument is very small it is necessary to illuminate
the mirrors by means of an aro lamp, particularly
when photographic records are to be taken. The
essential arrangement of the optioal system as used for
this and most other oscillographs is shown in Fig. 21.
The light from an aro lamp is fooussed 8o as to illumin.
ate strongly & narrow vertioal slit, From this slit the
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light passes to the osoillograph mirror through a
plano-convex lens and from the oscillograph mirror
back again through the planoc-convex lens to & cylin-
drical lens, with its axis horizontal, on to a screen or
photographic plate. -

If it were not for the oylindrical lens an image of
the slit would be thrown on the soreen by the plano-
convex lens in front of the oscillograph, and the slit

7 Slit Plano-Convex L.

Are ==

o 2%
Focus Cylindrical Lens

Fia. 21.—DIAGRAMMATIO REPRESENTATION OF THE OPTIOAL
SesTEM OF AN OSOmLLOGRAPE

and the soreen would be conjugate foci for & lens of
twice the strength of the plano-convex lens since, in
the present oase, the light traverses the lens twice.
Thus if the screen and the slit were equidistant from
the lens then an image of the same size as the slit
would be formed. If the slit were $mm. wide and 10
mm. high an image } mm. wide and 10 mm. high would
be given. Such an image would be useless for recording
rapid oscillations and it is therefore reduced in height
by the cylindrical lens. '

If the focal length of the oylindrical lens be, say,
8 om. and the distance of the lens from the slit measured
along the light path be 100 om., then the image of the
slit is reduoed in height to 0-8 mm. and the spot of

—(5307)
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light on the sereen is nearly a round dot when a certain
amount of dispersion is allowed for.

Other Biflar Instruments. Bifilar osoillographs of
the same general type as the above are made by

By courtasy of Cambridgs Instrument Co., Lid.

Fre. 22.—S8mowmne TEB Ervmor op RESONANOE mv AvrERmNG
THE WAvE FOoRM oF A Roramy CONVERTER

Carpentier (Paris), and Siemens & Halske (Berlin),
whilst three-element oscillographs are made by the
General Eleotric Co. of America, and by the Westing-
house Eleotric & Meanufacturing Co. The firm Iagt
mentioned has developed a type for use in conjunction
with an overrun tungsten lamp. This lamp is of the
low-voltage, high-current type with a very concen-
trated filament and it is overrun by about 60 per cent
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of the normal voltage just at the moment of taking
the photographic record on the film. As the lamp is
overrun even at what is called the normal voltage, the
life of its filament would be extremely short were the
60 per cent excess voltage allowed to persist. It is
therefore arranged that the 60 per cent increase

is only allowed during the time the shutter of the

By courtery of Cambridgs Instrumens Co., L,

Fia. 23.—8mowme mEm Rusm op CURRENT AND Rism op
VoLrAen WEEN Switommve ON A FEEDER

camera i8 open, and the switohing on of the lamp
and the opening of the shutter are arranged to
operate from the motor that drives the film, whilst
the olosing of the shutter opens the switch in the
lamp circuit.

These osoillographs also have the three elements
insulated from each other by thin micanite gheets, and
this is a distinot advantage,

The three reproductions shown in Figs. 22-24 are
typical of the records obtained with g Duddell bifilar
oscillograph.  Fig. 22 shows the sffect of resonance in
altering the wave form of s rotary converter; Fig.
23 shows the rush of current and rise of voltage at the
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moment of switohing on a feeder ; and Fig. 24 shpws
the fluctuations produced by sparking at the switch
contacts at the moment of switching off.

By courtesy of Oambridgs Instrumsni Co., Lid.

Fi6. 24.—8mowmvg TER FLUCTUATIONS CAUSED BY SPARKING
AT TEE CONTACTS WEHEN SWITOHING OFF A FHEDER

Blondel Moving Iron Oscillograph. This oscillo-
graph, although practically displaced by the bifilar
type for general work, has possibilities for special
cases, particularly where a
small current at & high volt-
age has to be investigated
and where the current sensi-
tivity of the bifilar instru-
Fia. 25—Ducerasnario  ment is not high enough.

REPRESENTATION OF THE ) .
BroNpeL MoviNe Iron "?he IElOVn:l.g portion Of'the
OSCILLOGRAPH oscillograph is & narrow iron

strip placed between the
pointed magnets N and 8 as shown in Fig. 26. Thisstrip
is kept in tension by means of a spiral spring as in the
bifilar oscillograph and thers is at the same time a very
considerable control due to the magnetic field, this acting
80 a8 to keep the strip parallel to the lines of force,
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There are two coils C'C placed one on either side of
the moving iron strip and with their axles at right
angles to the strip and to the lines of force. These coils
produce a field at right angles to the main field and
cause a slight swing of the muain field clockwise or
anti-clockwise, depending on the direction of this new
field. The iron strip always turns to lie along the
resultant field, and as long as the deflection is amall
the angular movement of the strip is proportional to
the strength of the auxiliary field, and therefore to the
ourrent in the coils.

These ooils can be wound with a few turns to carry
& large ourrent or with many turns to CaITy a Very
small current. In the latter oase the current sensi-
tivity can be made very large. When the coils are
wound with many turns their self-induction becomes
very large, especially with some of the finer wires now'
available, but as long as & large enough swamping
resistance can be introduced, as on a high voltage
system, this is not a serious disadvantage.

The deflection is indicated by a small mirror stuck
on to the iron strip and the light passes to the mirror
through the hollow front coil. Damping is by means
of oil as in the bifilar oscillograph.

In praoctice it is necessary to use & oorrection curve
obtained by a high-frequency alternator as with the
bifilar instrument for the reasons explained on page
36, and also for the following additional reasons—

(1) The effective self induction, the self capacity,
and the resistance of the coils vary with the frequency
owing to the shunting effect of the capaoity from turn
to turn and of the capacity from the turns to the iron;
this alters the effective impedanoce of the coil.
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(2) The shunting effect of the turn to turn capaoity
alters the effective ampere-turns on the coil for a given
ourrent flowing in the external circuit.

These latter effects can be quite appreciable at the
higher frequencies but, where a correction hes to be
applied, it is not of great importance what particular
factor is greatest in causing distortion. The total
percentage reduction in the higher harmonics is the
important thing to be considered, and if this reduction
be large the magnitude of the harmonics in the wave
may be so small, compared with the fundamental,
that its acourate determination is not possible.

Irwin Hot-wire Oscillograph. Up to the present
. We have been considering instruments in which the
deflection within definite limits is proportional to the
owrrent and approximately in phase with it.

The hot-wire oscillograph belongs to a class in which
‘the deflection is not proportional to the current flowing
through the instrument, but the latter can be arranged
to give a record of the pressure across s cirouit or the
current flowing in & circuit.

To adapt a hot-wire instrument for use as an oscillo-
graph it is first necessary to make it polarized, so that
when the direction of the current reverses, the direction
of the deflection is also ohanged. The method of
doing this is shown in Fig. 26, where two fine wires
CD and EF are conneoted in such s way that a con-
stant direct ourrent from the battery B can flow
through them in parallel as shown by the arrows b b.
This current heats both wires equally and if the latter
be pulled béok by equal tensions at their middle point
the mirror 7 placed across the wires will not deflect.

If, however, a current from an external source be
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sent through the wires in series as shown by the arrows
a a, then this current will oppose the current in the
left-hand wire and inorease the current in the right-hand
Ry
R, +r
of the current flows through each wire. The rate at
which heat is given to the

wire. If the resistance of each wire be r then

left-hand wire is equal to et e
the product of the square of r
the current multiplied by the
R, bA AD
i = R, R,
resistance — ( - b) 2 5 Iz
Similarly, the rate at which B

heat is given to the right-hand

‘wire is— Fie. 26.—IrLusTRATING
MerEOD OF POLARIZING

( b ™ TrB IrwmN HoT-wiRm
7 + - -+ ) OSOILLOGRAPH
The difference between these two rates is equal to—
R,
-4
i R + Py

and this expression shows that the difference between
the rates of heating is proportional to the external
current a, for all the other terms are constant. The
difference will be positive or negative according to the
direction of current and the direction of deflection of
the mirror will therefore change for a change in the
direction of the current.

As, however, the wires have a definite amount of
thermal capacity they do not reverse their tempera-
ture difference immediately the ourrent reverses, and
this introduces a time lag between the current and the
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resulting defleotion, but by means of the arrangements
now to be described (see Figs. 27, 28) it is possible to
overcome all difficulties arising from this cause.

Use of Hot-wire Oscillograph to Measure Voltage.
Referring to Fig. 27, the polarized wires CD and FE
are connected in series with & condenser K across the
terminals 4B ; and the condenser K is shunted by a

F16. 27—ILLUSTBATING ARRANGEMENT OF THR IRwWmv
Hor-wiRr OSOILLOGRAPE ¥OR MEASURING VOLTAGE
BETWEEN 4 AND B

resistance R,. Then, by suitable adjustment of the
oconstants of the oircuit, it is possible to obtain &
deflection proportional to the pressure applied between
the points 4, B.

Suppose for simplicity that all the current flowing
through the condenser and through the resistance
R, flows through the wires CD and EF and that the
voltage lost in the wires is small compared with that
across the condenser and its shunted resistance R,.

The ourrent flowing into the oondenser at any

moment is K :—: where V is the instantaneous value

of the voltage across 4B (and also across K approx.)
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The current flowing through the resistance R, is

% ; therefore the total current through the wires is
BG4+ me

The difference between the rates of heating of the

two wires is, as shown above, + 4a,br——Rl—-

Ri+r
i
R+ r
is nearly unity. Substituting for @, the difference
between the rates of heating of the wires is given by—

dv v
4br [ G+ l—ﬂ;

When & wire receives heat at & steady rate then its
temperature is raised until the loss of heat just
balances the gain, but, until this happens, the heat is
used up in two ways : part is stored at & rate propor-
tional to »‘z—flmﬂ,; and the rest is wasted by
radiation and is equal to E T, ; where 7', is the tem-
perature m the mass, H, the specific heat in joules,
and K the emissivity of the wire in joules per sec.
Thus, ‘Z—"flmﬂ,+ET1 is the rate at which the
energy is received by one wire ; and ‘%’ mH,+ E T,
is the rate at which the energy is received by the
second wire. The difference between these two rates

is the difference-between the rates at which the wires .
receive eleotrioal energy from the ourrent a.

and this equals 4 abr very nearly when the term
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a(T,-T,)
dt

Therefore, { mH,+ B (T, - T,)}

v V
—dbr {K G+ E;
which may be written for simplicity—
(T',—T') dv
k).dT + k& (T1~-T5) = ksd_t + k.

Suppose we make %: % then, since the equation

holds under all eonditi:ms, i:, will now hold both when
%’ is large and wh];en it is zero. When j—: is zero—

Tl—dT,=k—: . . . . L)
and, when d_: is very large, so that the terms %,V and
kg (T', - T',) are negligible—

AT -Ty) , dv
h—g— = ks 3
(Ty=Ty) _ kydv _ k.dv
S Tkt kg dt @

From egns. (1) and (2) respectively it will be seen
that the ourrent flowing through the shunt resistance
R, is sufficient to maintain the wires at a difference
of temperature equal to I?V; and, if the voltage

2 dv

d_i,

flowing into the condenser is able to change the differ-
(T, -Ty) _ kedv
dt T kgdt’

This means that the temperature changes are exactly

changes for any reason at any rate the ourrent

ence of temperature at a rate
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in phase with the voltage and this difference of tem-
perature is always equal to :—‘V 8o that the difference

2
of temperature of the wires is a measure of the voltage
between A and B.

The ratio of &, to k, is the time constant of the con-
denser K when shunted by the resistance R,; and the
ratio of &, to k, is the thermal time constant of the
wires. It is therefore necessary to make the time
constant of the condenser equal to that of the wires
and it is easy to adjust the resistance R, so that this
is attained.

As long as wires of the same diameter and material
are used in the same medium (generally oil) the ratio
of K to % remains constant. The value of K R for
the normal instrument as made by The Cambridge
Instrument Co. is 0:007.

Use of Hot-wire Oscillograph to Measure Current. To
enable the instrument to indicate the instantaneous
current flowing in a circuit it is necessary to have the
ourrent flowing in the oscillograph proportional to
Mj-; + Bi where 4 is the ourrent flowing in the cir-
cuit and % is the thermal time constant of the wires,
0-007 as above. To obtain this value for the current
in the oscillograph itself the instrument is shunted
across a resistance R in the main oircuit and the
secondary S of a quadrature transformer, as shown in
Fig. 28. The mutual induction between the primary
and secondary windings of the quadrature transformer
being equal to M, the voltage applied across the
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qacﬂlpgmphisiR—}-M:—;; and, as long a8 R and M

are properly chosen so that the ratio M/R = 0-007, the
deflection of the oscillograph is proportional to the main
ocurrent within the definite limits of the instrument.
Constructional Features of Hot-wire Oscillograph. In
practice it is arranged that the wires C D and F E

12

Fi1a. 28.—ILLUSTRATING ARRANGEMENT OF THE IRWIN
Hor-wiRB OSOILLOGRAPH rOR MWASURING CURRENT
. ¢ IN THE MAIN CrRoUIT

double back on themselves so that each is pulling
against the other and only the difference in their
movements i8 observed. The arrangement adopted
is shown diagrammaticelly in Fig. 29 where C D " D’
oorresponds to C D in Fig. 28, and E F E' F' corre-
sponds to £ F in Fig. 28. If, in Fig. 29, the wires
CD and E F be looped together at their centre point
and kept in steady tension than any difference in the
temperature of the two wires will cause a movement
of the wires at the centre towards the right or the left.
Similarly, the extension of the wires ¢’ D’ and B’ F"
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shown dotted will also produce a movement at their
centre due to the same difference in temperature but
in an opposite sense, i.e. when the wires nearer the
observer move to the right those behind will move to
the left. This double movement will cause the small
mirror M to deflect and give an
indioation of the movement.
Sometimes the current is arranged
to flow only in the back wires C D
and B’ F', corresponding to C D and
E Fin Fig. 28. This is the arrange-
ment used, where the instrument is
immersed in oil and where the heated
oil rising from the front wires across

the mirror M would oause a blurring gy, 29— Trzs-

of the spot. m—m«r;r MuTEOD
T OF LYING
In cases where oil is not used for  yogmrame TEm

damping the movement but only for WIRES OF AN
cooling the wires the system shown I%mzmn
in Fig. 29 does not carry any current

and is not immersed, but is used for magnifying the
movement of the current carrying wires as shown in
Fig. 30. In this case although the hot-wires C'C,D,D
and EE,F.F are extended above the oil and there
tied together and provided with a mirror as shown, the
portions of the wires out of the oil do not carry any
current, as there are cross wires between C; and D,
and also between F, and E, ; see also Fig. 31. With
this arrangement, as the movement is not damped
mechanically, there must be some electrical method of
damping it, or else controlling the blow given to the
wires when the voltage (or current). changes very
quickly, To sccomplish this, an extra resistance ig
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ingerted in the circuit shown in Fig. 27 in series with
the oscillograph and in series with the shunted con-

denser. The effect of this is to slow up any very
rapid changes of voltage across the mains, S, and to

F16. 30.—BysTEM 48 IN F16.29,  Fio. 31—ENrarcmp Sxumax
BUT NOT SUBMERGED AND NoOT or THR Wires v Fre. 30
CarrviNGg CURRENT, UsED TO
INDICATE THE MOVEMENT oF

THE Hor WiREs

decrease the maximum current flowing through the
oscillograph into the condenser.

Consider this first from the point of view of change
of frequency. If there be a constant potential between
the points 4 and B, and if the resistance of the oscillo-
graph be very small, the current flowing into the con-
denser K will be directly proportional to the frequenay.
I, however, the oscillograph itself and the added
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resistance be in series with the condenser the current
ig no longer proportional to the frequency but, as the
frequency is raised, the current tends to & finite value
equal to the voltage divided by the sum of the two resis-
tances, and the actual value is eagily found by means of
veotors.

The ratio of the current so found to the current
that would flow if there wers no series resistance for
the condenser is a measure of the reduction of deflec-
tion due to damping. There is, however, an increase of
deflection (up to a limit) for an undamped instrument
owing to the control force being opposed by the inertia.
forces (see Fig. 4). The product of these two factors
gives the real magnification (or attenuation) for the
particular damping used. .

In the arrangement (Fig. 28) used when investigating
the current flowing in a circuit, the ratio secondary
ampere-turns to the primary ampere-turns on the
quadrature transformer gives a meagure of the damping
on the element, it can easily be increased by connecting
& resistance in parallel with the secondary circuit
and across the oscillograph itself—that is, if the
resistance of the oscillograph is not low enough to
produce sufficient damping.

Abraham Rheograph. If a moving coil galvano-
meter were used as an oscillograph there would be
very serious errors introduced owing to the inertia
of the coil and the damping if this were appreci-
able, but Abraham has succeeded in making these
effects negligible by introducing new forces to balance
them.

On p. 6 it is shown that, for a simple wire placed
in & magnetio field, there are only four possible forces
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and the sum of these at every instant is equal to zero
thus—

dA a2 A
but v= g =ada=—g
dA  d2A
Thereforel B-k A P ™ 0
2
It is obvious that it is only when dd—AB.nd ddtﬂA are

- iB .
negligible tha I—a—kAandt—-EAk.

In order that 4 may always be equal to l—l;) Ak we

have to send two auxiliary currents through the wire ;
the value of the first of these is dip £ and the value of

di k
% m
the second i ls iy
The ourrent through the wire would then be—
. dip ddim
“tartae e

but since '1% is & foroe on the wire it can be expressed
in terms of the control force by & A, where A, is the
deflection required to give a force l—tﬁ under steady
conditions. Then the total current

dip d¥m

takTaE
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will produce an electro-magnetic foroce—

pd(kA)  md (kA
I‘A‘+Z dt k di,
dA, d® A,
R R
. dA  d2A
butthmfomeplus{—kA—_Ep—W m}—O

since the sum of the electro-magnetic and mechanical

Fiq. 32.—IurusTRATING ONE METHOD OF ComMPENSATING
TOR INBRTIA AND DAMPING IN THE ABRAEAM
RHEROGRAPE

foroes must be zero, therefore A 1 must always be equal
to A and % =k A; that is, no matter what the

current is at any moment, or how rapidly it is changing,
the deflection will be proportional to it as long as we
are able to arrange that the current through the
ds p  ddm

ar @R ‘

In Fig. 32 one way (although not the original arrange-
ment given by Abraham) of arranging a circuit to
acoomplish this is shown, where i-is the current in the
main oircuit that has to be examined. In this dia-
gram PQ is, say, a wire stretched in a magnetic field
and having a resistance »; (' is & condenser and R a

5—(5397)

rheograph is equal to i
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resistance in parallel with it ; and T is a transformer
which must fulfil the condition that the flux is propor-
tional at every instant to the primary ourrent, so that
the voltage induced on the secondary winding is equal
to M %: where M is the mutual induction between the

To fulfil this condition the current in the secondary
must be 8o small that the ampere-turns on the
secondary winding are small compared with those on
the primary ; and either there must be no iron in the
magnetic oircuit or, if there is, there must be a large
air gap in the path. A practical value for the secondary
ampere-turns would be about 1, the primary ampere-
turns at the highest frequency it was desired to record,
say, 1000 per seo. corresponding to the 20th harmonic
in & wave of 50 frequency. If great accuracy were
required the ratio of secondary to primary ampere-
turns would have to be made still smaller,

If a steady current & flow in the main cirouit, part
of this ourrent will flow through the wire PQ and part,
through the secondary of the transformer and the
resistance E.

. .o B4R, . .

The current in the erﬂlﬂm‘l and this can

be made practically equal to 3.

There is a voltage induced on the secondary of the
transformer equal to M Z—: and & current flows from
this winding through B and the wire PQ. The value
of this ocurrent is M‘%/(R+B,+r) and is very
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nearly equal to %[ g-:, when E is large compared with
R, and r.
There is also & current flowing from the secondary

d( M g’)
of the transformer — = C; and, as long as the
impedance of the condenser is large compared with
R,and r,

di

1(x5)
di d
dt C=MC T

Therefore the conditions that have to be established -

M P m s
are that =7 and that MO—Z but it is not

hecessary to know p, m, and k, the constants of the
instrument as long as we know its frequency and the
ratio of the actual demping to that required to give
oritical damping. It is shown on pp. 11 and 12
that, at the resonant frequency of the instrument, the
control and the inertia forces are equal and opposite.
Also, it is shown above that in the expression

. odt d%
Tt E T g

for the actual ourrent through the wire PQ, the first

term balances the control force, the second the damp-

ing force, and the last the inertia force. Therefore—
a4 m day
aFE = MO0G=

at every moment when the instrument is working at
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its own resonant frequency; or, writing R. M. S.
values—

w*MCA=A4
where A is the ourrent in the main cirouit then

Mo=2L

w?

If an instrument be oritically damped then, at its
own resonsant frequenoy, the force due to'the damping
is twice the control force. Suppose the actual damping

in an instrument is ;Lth of that required to give oritical
damping, then the maximum force due to damping
is ;hh of k, the maximum oontnz)l foroe, and the current
required to give this force is 7:t;h of the ourrent 4 in
the mains. Thus, % = ourrent from the secondary

through the resistance R; but this secondary ocurrent

_ eoMA or nearl _oMA

“E¥R +r Y="R

24 oMA M 2
Therefore - == &nd§=a.

To work out an example of applying the above
reasoning to a concrete case, take the Einthoven
string galvanometer mentioned on p. 25 where the
gilver fibre is 0-02 mm. diameter, has a resistance of
about 8 ohms, a natural frequency of 100 per sec., and
a damping (say) yisth of oritical damping.

If M be made small, C has to be large and R small,



Types of Oscillographs 57

80 it i a matter of compromise what value to make M.
Suppose M be taken as 0-1 henry, then—

1
MC= -
[}
o= _ 25-2 X 107® farads
T (271002 X ’
01 x 62
de=@= +€0= 314 ohms.

An Einthoven galvanometer made into an Abreham
rheograph by the mutual induction and the condenser
would retain its ourrent sensitivity af all frequencies
and would be without distortion if R, and r were made
small compared with the imped, of the condenser.

In the present case the impedance of the condenser
at 1000 frequency would be about 6 ohms and, if
the resistance R, were, say 6 ohms also, the current

6
Ve in
of what it ought to be to give no change of sensitivity
and no distortion—that is, the higher harmonics of
frequency about 1000 would be 45 per cent of their
true value.

In practice, care has to be taken that the resonance
point in the instrument does not come into the work-
ing range for, although there should be no error intro-
duced at the resonance point if the adjustments be
made correctly, yet at that point we have two currents
of large values which are equal and opposite and two
forces which are equal and opposite, hence any varia-
tion of the natural frequency of the instrument would
upset the balance point and give a deflection much
greater than the true value.

flowing into the condenser would only be



58 Oscillographs

This is & reason for having fairly heavy damping
as when the instrument is so damped no such irregu-
larity ocours as at the resonance frequenoy if the
natural frictional force be large. Care has also to be
exercised to avoid electrical resonance but the danger
of this is small, if the mechanical damping be large,
for R is made less as the
mechanical damping in-
creages and this low resist-
ance across the condenser
and the resistance of the wire
r damp out the electrical
oscillations.

Fig. 33 shows an arrange-
ment of a rheograph to
Fia. 33.—Iurosteatve tem  record the  instantaneous
Bgz"c”m‘f . Bﬁ&“:ﬁ:ﬂxﬂ value of the pressure across

PRESSURR AcROSS A B 8 oircuit 4 B, In this dia-

gram, r represents the re-
sistance of the instrument itself; R, a large series

Tesistance across the mains giving a term % to balance

the control force ; and C a condenser which, apart from
the primary of the mutual induction, is also practic-
ally across the mains giving a term ¢ %’ to balance the
damping or frictional force. The primary of the induo-
- tance has a current C :—;’ and, if M be the;::tua.l indue-
tion, the ourrent in the secondary is C M EI (Ry+17);

which is the term that balances the inertia force of °
the instrument.
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As the inertia forces can be so eagily balanced
Abrahem has made rheographs carry mirrors of
268q. mm. area or, say, 80 times the area of those on
the Duddell high frequency oscillograph ; and, in the
first instance, the method was applied to a moving
ooil galvanometer which shows its possibilities.

Nevertheless, every increase in the inertia force
means corresponding inorease in the size of the con-
denser and the mutual inductance and a corresponding
reduction of the sensitivity, and is therefore to be
deprecated.

Electrostatic Oscillographs. Oscillographs, in which
the deflecting force is the pull of an electrostatic field,
have been used (unpolarized) by Professor Gray, and
polarized by Einthoven, by the author, and by Drs.
Ho and Kato of Tokio University.

Some of the difficulties and successes enoountered
during a research extending (although not continuous)
over some seven yeers are summarized below, partly
to show the convenience of the instrument for some
special problems, and partly to show the difficulties o
be encountered and avoided.

All the mechanioal problems present in the electro-
magnetio oscillograph are also present in the electro-
static instrument, and it is necessary to have the
mechanical frequency high and the damping large if
the instrument is to indicate correotly.

As, however, the maximum electrostatic force
Ppresent in air before breakdown ooccurs is small, it is
generally necessary to immerse the moving parts in
oil for three reasons: (1) To get a greater electro-
motive force between the plates, owing to the greater
dielectric strength of oil as compared with air 5 (2) To
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get a.stronger field owing to the specific inductive

capacity being higher; (3)
dam

ping.

To obtain sufficient

On the other hand, the introduction of oil into the
field, in addition to increaging the inertia of the moving
part, has the disadvantage that, if it is not perfeotly

MK

H

F16. 34.—BEoTroNan
PrAN oF TER IRwWIN

homogeneous, the oil will
separate under the strong elec-
trostatic field, the oil of higher
dieleotric coefficient and greater
conductivity being drawn be-
tween the plates into the
strongest part of the field.
This field also attracts any
particles of dust or foreign
matter and great care has to be
taken to select & pure oil, to
filter into the containing vessel

ErmorrosTaTIO OSOILLO-
GRAPH

through dry blotting paper and
. tokeep it clean. Any acoidental
spark between the plates in the oil often upsets the
whole experiment, and the oil may have to be filtered
again or fresh oil used. ’

Of the polarized instruments, the type used by
the author was that in which s diaphragm made
of very fine gauze, about (90)* meshes per sq. cm.,
was placed between two inductor plates and the
general arrengement of the instrument is shown in
Fig. 34, which is a horizontal seotion through the
instrument.

Two blocks of ebonite B, and B, are turned to fit
into one another as shown. The gauze diaphragm D
is soldered on to a brass ring R, which fits inside the
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block B, and is pushed in front of the block B,. When
the diaphragm comes up against the annular ring C C,
which is part of the block B,, it is stopped and any
further movement of B, simply stretches the dia-
phragm and alters its natural frequency. The move-
ment of B, relative to B, is made by three sorews §
placed at 120 degrees round the bloock B,.

The inductor plates, P, and P,, are screwed into the
blocks B, and By, and the movement of the diaphragm
D is rendered visible by attaching a piece of silk to it
and bringing this through the hole in the centre of
P, to one of two oross wires W which are placed
vertically. It is arranged that.this cross wire stands
slightly in front of the parallel wire 8o that when it is
pulled back by the silk it has a sag which always keeps
the silk taut so that any small movement of the dia-
phragm, back or forward, is communicated to the wire.
If & small mirror be placed across the wires W it will
have & tilting movement proportional to the movement
of the diaphragm.

There are a number of holes A all round the block
B, to facilitate the entrance of oil at the bottom of the
instrument and the escape of air at the top during the
filling of the instrument, as the presence of even
minute air bubbles between the plates would lead to
local ionization or even breakdown especially where
the gap between the plates and the diaphragm is small,
in some cases about 0-25 mm.

The whole instrument is immersed in & bath of oil
in which there is & suitable window for allowing of the
illumination of the mirror very much as shown in
Fig. 20 for the Duddell oscillograph.

The conneotions of an electrostatic oscillograph to
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indicate pressure are shown in Fig. 35, where a battery
of total voltage 2 P is shown connected across the two
plates of the oscillograph and the source of voltage V
to be observed is connected between the middle point
of the battery O and the diaphragm.

The voltage between the upper plate and the dia-
phragm is P + ¥V if the instantaneous voltage given
by the source be as
shown. The pull on
the diaphragm is pro-
portional to the square
of the applied voltage,
and is, therefore, equal
] to K, (P + V):. Simi-

F16. 35.—CONNROTION DiAGrAM larly, the volta,ge be-
FOR AN ELECTROSTATIO OSOILLO- tween the lower plate
GRAPH I{)s::ss?;nlxmmm and the dia.phmgm is
(P - V) and the pull on
the diaphregm is K, (P~ V)2. Now K, and K, can be
made equal by adjusting the distance of the plates, and
the resultant pull on the diaphragm is then equal to
K j(P—l—v)’—(P—v)'} =4KPV and, as K and P
are both constant, the deflection of the diaphragm (and
of the mirror) is proportional to ¥V, the instantaneous
voltage applied, and will reverse when the voltage
reverses. 'This assumes, however, that the natural fre-
quency of the diaphragm and of the wires is sufficiently
high to enable them to follow the voltage ohanges, and
that the diaphragm and wires are sufficiently well
damped to prevent them having appreciable free vibra-
tions of their own. A frequenoy (in oil) of about 1500
per sec. is attainable.
The essential caloulations for & moving diaphragm

=
L
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are comparatively simple as long as the diaphragm is
assumed to be moving everywhere with simple har-
monic motion and as long as every part of the
diaphragm moves in the same phase, an assumption
probably true for a light tightly stretched diaphragm. -

If the required movement of the spot of light on
the soreen or photographic plate is 2 om., and if the
magnification is 6600 say, then the movement of

.2
the diaphragm is 3600

If the resonant frequency of the instrument be 1500
in oil and 2300 per sec. say, in air then, when the
diaphragm is vibrating at its own frequency over a
distance 3 X 10"¢cm. on each side of the mean posi-
tion, the restoring force must be always equal to the
inertia force if there is no damping present.

The maximum inertia force = w? Am; where A
is 3 X 104 om., and m is the mass of the diaphragm
in grm. per sq. om. As the wires in the gauze in the
Present oase are 0-0034 om. diameter, m is 0-015 g ;
and the restoring force per unit ares at the centre of
the disphragm is—

@?Am = (2 2300)® X 8 X 10°¢ x 0-015

= 940 dynes.

It is immaterial to what this restoring foroe is due—
whether to tension in the wires or stiffness ; the
essential is that it must have this value for the given
displacement.

Now if the displacement under an elsotrostatic
Pressure is to have the same value stated, the force
produced by the electrostatic field must be equal to
940 dynes per sq. om.

or 3 X 1074 om.
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The eleotrostatic pull between two parallel plates is
equal to— Vo

8xt?
where V = difference of potential in electrostatio
units; k = the specific inductive capacity of the
dielectric = 2, say; and ¢= the distance apart of
the plates = 0-026 cm. in the case considered.

Therefors s — 40 X 8 (0-025)
==

V = 2-7 electrostatic units or 27 x 300 Volts
= 810 Volts.

In the above examples it is assumed that there is
only a pull on one side of the diaphragm and, to
achieve this, it is desirable that the value of P, which is
half the voltage of the polarizing battery, should be
roughly equal to the maximum voltage from the
source to be investigated : that is that (P - V) should
be small compared with (P + 7).

The reason for the use of a gauze diaphragm, instead
of & thin sheet metal diaphragm, is that if the oil were
not permitted to move through the diaphragm it
would be impossible to get rapid movements owing to
the mass of oil that would have to be put in motion.

The example is worked out above for a gap ” of
0025 cro. This is about the smallest practical and
generally a gap of 0-50m. is better when, with a
polarizing voltage P = 2000, a sensitivity of about
2om. for a voltage of 1300 maximum, or, say, an
alternating sinusoidal pressure of 900 V (R.M.8.),
.would give a total swing of 4 cm.

Einthoven Elootrometer or Electrostatic Oscillo-
graph. To find the force on electrostatio oscillographs
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in which there is a wire carrying a charge and placed
in an electric field it is necessary first of all to know the
capacity of the wire per unit length.

If & wire of radius r be placed at a distance d from
an earthed plate and have a positive charge ¢ per unit
length, then, by the theory of images, if a negative
charge ¢ per unit .
length be placed on , !

a similar wire at an ! .
equal distance d on fid _’r e
the opposite side of -7-6 | |
the plate, the plate ! I
I
1

could be removed =N
without disturbing l
the lines of foroe F10. 36.—ILLUSTRATING TEE CALOULA-
i TION OF THE CAPACITY OF A WIRE
The work done on WITH REGARD TO A Prarm

& unit charge in

moving it from the surface of one conductor to the sur-
face of the other conductor against the field strength of
one charge, is

z=r
/ 2_qdz=2qlog, 2d-r
z r
o= (2d-r)

The work done against both fields is twice this =
2d-r
4q log,

r
The capacity is equal to the charge divided by the

pressure hence the capacity of one wire with regard

1
to the other = g = but,
2d—r
4q log, - 4log,
since the work done in moving the charge over half

= the pressure between the conduoctors.

2d-r
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the distance, i.e. from the position of the plate up to
the charged conductor, is only %V, the capacity of
the original conductor with regard to the plate is
twice the oapacity from wire to wire and is equal to

1

2d-r

r

Since 7 is small compared with d the expression for the
capaocity of the wire with regard to the plate may be

taken to be

2 log,

2 log, -
If the wire be placed midway between two parallel
plates the capaoity of the wire with regard to the two
! but 24 is the dis-

24

log, >

tance of the plates apart = D, so that the capacity of
a wire of radius r, midway between two paralle]

plates which are a distance D apart, is If

plates is twice the above or

log.T
the wire be immersed in oil of specific inductive

capacity % the capacity =

electrostatic units.
105.7

Now the force on the wire per unit length will be
equal to the field strength times the charge per unit
length divided by the specific inductive capacity.

The field strength & is equal to the pressure V,
between the two plates times the specifio inductive
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oapacity divided by the distance D hetween the
plates or ¥ = V,k/D
Therefore the force on the wire per unit length =
Y.k k Vs
DX T %
08
where V', is the pressure of the wire above the mean
of the pressures of the two plates. This expression
reduces to—
. . V,Vsk
Force on wire, per unit length = —5 dymes,
D log,:

where ¥, and ¥, are measured in electrostatic units.
Now the maximum force permissible depends on the
maximum charge we can safely give to the wire and
the maximum field we oan allow between the plates.
The maximum stress due to the charge on the wire
is at the surface of the wire, and for a voltage V, is

equal to 2V,

r log, 7

Since this stress is superimposed on that due to the
main field the maximum stress due to the charge on
the wire can be taken as half the allowable stress in the
medium.  For oil a working stress of 3000 V per milli-
metre is allowable ; hence the permissible stress due
to the charge on the wire is 1500 V per mm., or 50
eleotrostatic volts per cm. Therefore—

2
Vs = 50

r log, f_—)
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To apply this to a specific example, let us take the
case corresponding to that worked out for a silver
wire 0-002 cm. diameter carrying a current in a mag-
netic field, (p. 26) and suppose that in the present case
the wire is carrying a charge in the electrostatio field
due to two parallel plates 1 mm. apart.

Then D = 0-1cm. and r = 0-001 om. ; and, from
these values, the maximum value of ¥y = 0-5 eleotro-
statio units approximately (or 150 V). If the maxi-
mum stress due to the voltage between the parallel
Plates be also 50 electrostatic volts per om.—

¥, maximum = 5 electrostatic units (or 1600 V) and
the maximum force per unit length

65X 06x 2
= 0T X 23 Togy™

which would be equal to the force developed by &
current of 0-01 A flowing in a wire placed in & field
of 11,000 lines per sq. cm. .

Such a wire we found (on p. 26) required a force of
about 1 X 107 X 20,000 dynes to give s deflection of
1 mm. when used with a microscope of magnification
600; so that an effective force of 0-2 dyne gave a
deflection of 1 mm. If, therefore, in the present case,
the wire were again placed under such tension that
its frequency was 100 per sec. the deflection for a
polarizing voltage of 1500 (max) or P = 750 V and
160 V on the wire would be 56 mm.

As ionization does not generally take place, even
with the wire in air, at less than 300V, Vs may be
increased to 300 when the value given by the above
reasoning is below 300. In the present instance, with
V=300, the deflection would be 110 mm. If the

= 11 dynes
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least workable deflection be 20 mm., the frequency of
the wire can be increased to 100 /5-5 or 230 per sec. ;
but how much higher the deflection can be pushed or
the frequency increased depends on how near ome
works to the breakdown point.

An eleotrostatic oscillograph with a single wire
placed between two parallel plates is used very much
asshown in Fig. 35 except that the diaphragm D (shown
in oross section in Fig. 35) is replaced by & single wire.
The recording apparatus as shown in Fig. 14 is used.
As the sensitivity does not vary with the length of
the wire, so long as the frequency is constant, it is
advisable in the eleotrostatio instrument—especially
for the higher frequencies—to make the length of the
wire short, for this adds to the stability of the fibre.
As the beam of light passes at right angles to the
field there is no inactive part of the field as in the
corresponding electromagnetio instrument.

Ho and Kato Electrostatic Oscillograph. This
instrument has a pair of wires placed in an electro-
static field and so‘ arranged that when the potential
of the one increases.above zero the potential of the
other falls below zero by an equal amount. The
arrangement is ghown diagrammatically in Fig. 37
which is a horizontal section through the instrument.
P, and P, are the two field plates ; two wires W, and
W, shown in section; are placed close together and
carry & mirror M which is illuminated by a beam of
light through the opening 0. The wires are insulated
from each other and from the mirror.

The force on each wire can be caloulated from the
equations given for the Einthoven instrument, and for
two wires sufficiently close together the magnification,

6—(5307)
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may be of the order of 6000. The deflection, with
certain sizes of wire, may therefore be ten times as great
a8 for the corresponding Einthoven instrument. For
very small wires, where the mass of
ngm the mirror is appreciable compared
with mass of the wires, the advantage
”7/"-{;’\ Y2 s reduced. For amaller sizes still,
e ezzzza  the use of a mirror is inadmissible
B o and the advantage in point of sensi-
Fie, 7. tivity is then with the Einthoven
Rampemsmvramon  instrument, especially where a silver
Ki&%ﬁgﬁ; glass fibre is used, and even though
o Osorzocrare  the smaller Einthoven wires have to
be used in air.
One method of connecting the Ho and Kato instru-
ment is shown in Fig. 38, where P, Q, are the ter-
minals connected to the plates, and P, @, the terminals

z

L{l]l--———l l—----{@

Fra. 38.—CoNNmOTIONS ¥OoR THER Ho AND Karo
ELBOTROSTATIO OSOILLOGRAPE

conneoted to the two wires. The potential between

P, and @, can be divided by two equal resistances

B, Ry connected in series. If g polarizing battery be

connected between P, and @, the middle point of this

battery can be connected to the junction of R, and R,.

The voltage to be observed is now connected to Py Q.
N L4
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The reverse connections can also be used where R,
and R, are connected between P, Q, and the polarizing
battery between P, @,.

Scope of Eleotrostatic Oscillographs: It will be seen
from the foregoing that electrostatio osoillographs are
suitable for comparatively high voltages and for wave
forms where & very high frequency in the indicating
nstrument is not required. )

The great advantage of this type of instrument,
10wever, is that the current required to operate it is
xtremely small and does not upset the working con-
litions. The ourrent required by the instrument
tself is only the charging ourrent required to raise
ts Ppotential and, as the capacity is small (ranging
rom 40 X 10 4F in the stretched diaphragm to
5 >< 10% uF for the Einthoven instrument con-
idered) the current required is very small, even at
requencies as high as 1000 per sec. The ourrent taken

y the instrument itself may, in fact, be much smaller
han that taken to charge the wires which connect it
> the apparatus under test.

Another great advantage of the electrostatio instiru-
ent is the ease with which it can be applied to cir-
it of very high voltage. It is only necessary to
nnect a suitable condenser in series with the instru-
ent and the voltage is then divided up between the
ndenser and the oscillograph in the inverse ratio of
eir capacities. If oil be used in the oscillograph, the
me sort of oil must be used in the condenser, so that
e electrical time constants of the oscillograph and

the condenser are equal.

Power Measurements by Electrostatic Oscillograph.
1 electrostatio oscillograph can be used to show the
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instantaneous power given to a circuit. Fig. 39 shows
the well-known arrangement of an electrostatic watt-
meter to measure mean watts, but, if the instrument
be of high enough frequency, it will show the instan-
taneous watts or the power being given to the circuit
4 B no matter what the type of circuit may be. This
is exactly true if the mov-
s 4 ing wire (or diaphragm)
be connected to the middle
point of the resistance R,,
but the instrument mea-
R, sures the power in the
oircuit 4 B plus half the
power being wasted in R,
if the moving wire be con-
T nected to the point B
Fro. 39 Trroemmarmia mfn directly or through a con-
" Prmvorers or THEE denser. A new use can be
Ernmormosratio Warnwsrsn  found for an electrostatic
: oscillograph wattmeter to
measure power at frequencies much higher than the
instrument can follow. Thus, in wireless telegraphy,
such an instrument can show the amount of power
given to the aerial at, say, 100,000 oycles per sec. when
the aerial is excited by means of a spark ’’ method.
Under such conditions, where the damping of the
oscillations is small, the rate at which power is given to
the aerial can be shown by & curve which might have
a shape as shown at Fig. 40(a). In this diagram, the
heavy line gives the mean of the impulses due to the
rapidly varying power in the serial which the instru-
ment is unable to follow. If the damping be large, or
the frequency high, then the instrument will only have
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& throw given to it as shown in Fig. 40(h). In that
oase the instrument will have to be calibrated asa
ballistic waitmeter by discharging a condenser through a
resistance when the power given to the resistance is
known to be § KV 2 if the circuit can be closed quickly
enough.

In using electrostatic instruments where the mechan-
ical damping is not sufficient it is desirable to use a series

@) ’ &)
Fra. 40.—ILLUSTRATING THE MRmASUREMENT oF HIGH
FruQURNOY POWER

resistance to give some electrical damping, especially
as this constitutes & safeguard at the same time.

As the instrument is a condenser the maximum
rate at which it can be charged is equal to V/R,
where E is the series resistance and V is the applied
voltage across the resistance and osoillograph.

If @, be the charge that would eventually be stored
in the oscillograph if the applied voltage remained
oonstant, and if @ be the charge after a time £, then it
can be shown that
@
= CR .

t = CR log, o Qsec
where C is the capacity of the oscillograph and R is the
series registance.
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If Q,-Q, the portion of the charge whioh has still
to flow in, be expressed as a fraction, %th of the final

charge, then—
t = 2:3 CR log,yn sec.

When 7 = 10, ie. when there is 8 tenth of the
charge still to flow in—
t = 2-3 CR sec.

so that nine-tenths of the charge and of the voltage
of & condenser has been attained in a number of
seconds equal to 2-3 times the time constant,
Suppose, for example, that the oscillograph has a
oapacity 40 X 107 farads and B — 10° ohms ; then,

1
for- = — .
e T 10

=23 X 40 X 102 x 108

= 082 X 10 gec. ‘
that is, in & time equal to Tabos 8ec., the voltage will
have already attained 90 per cent of its final value,
and in ydos seo. it will attain 99 per cent of its final
value.

It is obvious, therefore, that a megohm in series
with the instrument will not produce appreciable
distortion of the ourve, and even & megohms will pro-
duce less distortion than normal oil damping.

The resistance of & megohms is put in series for a
Pressure of say, 1000 V, so the ourrent that would pass
if the osoillograph broke down is only 1000/(5 X 10°) A
or 200 xA. This would also be the maximum ourrent
that would flow through the experimenter if he
acoidentally touched the osoillograph, provided that
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the only incoming source of high potential was through
the resistance of 5 megohms, and that this high
resistance was able to stand up to the high voltage
across it.

If the same oscillograph were used on, say, 40,000 V
the series condenser would be one-fortieth of 40 x 10712
farad or 1 X 1072; and the series resistance would be
200 megohms, which
would again only allow
the sa.mg small Zurrent Zo;,’;e‘g,‘::':w
as in the preceding case. =Ix10" T
A diagram ofdltig con- 7”"3‘“‘”"5?. TI s megohm
neotions for such an + -
electrostatic oscillo- P T '
graph working on = e
40,000 V is given in T ST

Fi1a. 41.—CONNECTIONS FOR AN

Fig. 41. In practice & Ernomosnario Osomroonsrs
small portion, say one ° Workme oN 40,000 Vorrs
megohm, of the series

resistance is put in series with each side of the polarizing -
battery, o as to reduce the current from the battery
in case of & breakdown of the oil in the oscillograph
due to some excess of applied pressure.

Figs. 42-46 are reproduced from records taken by
the author during an investigation into the variation
of wave on the secondary of a high tension testing
transformer of 4 kW output.

This transformer had a transformation ratio of
140 to 40,000 V and, owing to its comparatively small
size and high voltage, resonance could take place
between the leakage self-induction and the self-capacity
of the secondary. When the alternator speed was
adjusted so that resonance took place corresponding to




F1a. 44—Rzoorps Smowmve TER Powmr SurPLIED
FROM THE SECONDARY OF A HIGH TENSION TRANS-
FORMER TO A WATER LoOAD

(Note—Ths voltage curve is roversed far clearness)

F1a. 45.—RECORDS SHOWING Powkn SUPPLIED FROM
THE SECONDABY or ONe TB-ANSFOEm TO A BIMILAR
TRANSFORMER PLACED BAcE To Back wrte T

(Nota.—The voltage ourve 1s reversed far clearnces)
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Figs. 4446 are records illustrating the use of the
electrostatio osoillograph as a wattmeter. The curve
marked W represents the instantaneous power, and
P is the pressure ocurve, and I is the current curve for
the primary. Fig. 44 is for the power supplied from
the secondary of the high tension testing transformer

F1a. 46.—RECORDS SIMIT.AR TO THOSE IN Fia. 45, BUT wWITH
TET ALTERNATOR USED FOR Fias. 42 and 43
(Notse.—Voltage curve reversed and current curve displaced for clearness)

mentioned above, to a water resistance, the primary
current and pressure being measured on a hot-wire
oscillograph. Fig. 46 is & record of the power given
by the secondary of the transformer to a similar
transformer placed back to back with it, the current
and pressure waves on the primary again being
measured by & hot-wire oscillograph. The records in
Fig. 46 were taken under oonditions similar to those
for Fig. 45, except that the current wave was dis-
placed for the sake of clearness and the alternator was
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the same as for Fig. 42. The wave W in Fig. 46 shows
very clearly the rapid surging of power between the
two transformers as well as the slower flow of power
to supply the losses in the second transformer. .
Cathode Ray Oscillographs. The cathode ray oscillo-
graph involves principles which have no been discussed
up to this point; a complete chapter has, therefore,
been devoted to a description of its working and its
uses (see p. 126). '



CHAPTER IIL

HREORS OF INDICATION—METHODS OF DAMPING—
AND NEW METHODS OF CONNEOTION

As an oscillograph cannot always be of sufficiently
high frequenoy, compared with the frequency of the
source being investigated, it is sometimes necessary
to correct the ocurves of the instrument where the
highest accuracy is required. The relation of the
control, damping, and inertia forces is shown in Fig.
4 (p. 10) and the fact is there established that the
regultant of these sources must balance the force due
to the current in the instrument.

Magnification with and without Damping. If the
damping of the instrument be very slight corresponding
to, say, an Einthoven oscillograph with a fairly heavy
wire (say, 0-02 mm. diameter), or to a Duddell oscillo-
graph without damping oil, then the only effective force
is the resultant of the control and the inertia forces.

The maximum inertia foroe for a sinusoidally
varying deflection is w?Am and, for a constant swing,
is therefore proportional to the square of the frequenacy.

At the resonance frequency, f;, of the osoillograph
the maximum inertia force is equal to the maximum
oontrol force, hence—

fo®(2m)Am = AK
or f3%(27)2m = K.

At any frequenocy f at which the oscillograph is

operated— fx(om)im = (flf)'K
81
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but the resultant internal force is the difference
between the control and the inertia forces, and equals
K — (flf.)*K at a frequenoy f when the damping
term pow is negligible.

This is shown in Fig. 47 for unit deflection and where
the veotors K and wm or (flfo)*K are drawn at an

angle 7 to each other. The
KE wim resultant control for unit
""@)E deflection varies therefore

F1e. 47.—Vaoror Dracrax from K at zero frequency to
sores Foncms ov aw g (f/fs)®K at frequency f.
osmﬁi‘l’;ﬁ’ﬁu"iﬂgm" The deflection for unit our-
rent in the oscillograph is
inversely proportional to the control, therefore—
Deflection at frequency f _ K

Deflection at zero frequency ~ K - ()= 2 (say)

This ratio Q is the magnification and equals
1
1= (flfa) %

This magnification also applies to an oscillograph
of any type when it is not subjected to any appreciable
damping. In Fig. 48 is shown the magnification Q
plotted against the ratio Slfa- At the resonance point,
when f— Ja» the magnification, in the absence of
damping, would be infinity. In practice it may be
200.

‘When the instrument ig damped the veotor pw, which
has been neglected so far, represents an appreoiable
force and the resultant mechanical force for the
oscillograph is required in terms of the three vectors
K, pw and o,
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If, taking the general case, the damping be n times
critical damping then, since p,w = 2K = 2wim, we
have: po = np,w = 2nK = 2nw¥m at the resonant

2.4
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Ratio of actueal to resonant frequency =¥,

Fi1a. 48.—Curves BEOWING MAGNITTIOATION A8 A FUNoTION

or TER RATIO (WoBKING FREQUENCY/RESONANCE FRE-
QUENCY), POR DIFFERENT VALUES oF DamrING

frequency. Let the ratio of the frequency at which the
oscillograph is working to the resonant frequency
(= flf) = k, then—
pw at frequency f = 2nKk
and w*m at frequency [ = (flfs) 2K = k*K,
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Then the resultant mechaniocal force, obtained by
compounding the three veotors is—

1V(2nKk)® + (K - BK)*
=KVt + k¥4n-2) + 1
but, when » = 0, the force = K ; therefore the force
at frequency fis V&¢ + k%(4n®— 2) + 1 times as large
as at f = 0, and the deflection for a constant current
is—
1
Vi k¥ (4n? - 2) + 1
times deflection at frequency — 0. If n — =, COITes-
ponding to a lightly damped instrument, then—
1 1
VE +B(4n*=2) + 1 ~ Vie—109k® + 1

If & second curve were plotted on Fig. 48 to represent
this amount of damping, it would lie so close to the
ourve for the undamped oséillograph as to be indis-
tinguishable from it over the range of magnification
covered by this figure. It is therefore apparent that,
over & range of frequency from 0 to 75 per cent of the
resonant frequency, an oscillograph without damping
oil gives a magnification for all practical purposes as
if it had absolutely no damping.

In Fig. 48 curves are also drawn for the magnifica-
tion with damping equal to one-fifth, one-fourth,
one-third, and one-half of the oritical demping, and
these curves resemble the usual resonance curves for
partially damped resonance circuits.

Lag of Deflection behind Applied Force. Fig. 49
shows the angle by which the defleotion lags behind
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the applied foroe for different values of damping from
plpe =45 t0 p/p,=}; and for varying frequencies
relative to the resonant frequency of the instrument.
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F16. 40.—COurves SEowmNG LAG 0oF DRFLEOTION BEHIND

Arprmmp Forom 48 A FUNOTION oF THE RaTio (WORKING
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The value p/p, = 7 corresponds to the value found
for a certain high-frequency Duddell oscillograph when
there was no oil in the damping chamber. To find the
angle of lag it is necessary to compound the three

7—(5807)
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vectors K, w’m, and pw or [(since wim = K(f|f,)?
and po = 2K(sf)/(pdfs)] the three vectors X, K(ff,)s
and 2K(pf)/(pofa)-

Ca.11£=ka.nd—e=na.s before ; then the veoctors

f Pe
to be c;mbi.ned are K, Kk® and 2Knk; and are as

/

X V- Al
—RRY

e anitk

K-Rk
Fia. 80.—VBcTOR D1AGRAM SHOWING COMBINATION OF
Forcrs T0 DETERMINE ANGLE OF LAG OF DEFLEOTION

shown in Fig. 50. 'From this diagram it will be seen
that—

Kk 2nk
0o = g m T T

When 7 is small tan ¢ and a are also small. If n
were zero, there would be no angle of lag for any fre-
quency up to the resonant frequency, and when the
frequency was incressed above resonance the angle
a would swing over from zero to & lag of .

Ip= :—6 (to take a possible case where a complex

wave form contained & frequency, 75 per cent of the
resonant frequency and a frequency one-twentieth of
this again, i.e. 3-75 per cent of the resonant frequency)
then at 75 per cent of the resonant frequency a = 5°-
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and at 3-75 per cent of the resonant frequency the dis-
placement g = 0-1° (approx.). The relative displace-
ment of the two vibrations to the scale of the lower
Jrequency = 0-1° - -26° = — 0-16° which would be quite
impossible to detect on & curve.

It is therefore seen that an undamped oscillograph
oan be used for recording periodic waves as long as the
highest frequency to be recorded does not exceed
76 per cent of the resonant frequency of the instrument.
Such an instrument will give negligible phase distor-
tion of the harmonics and will exaggerate the magni-
tude of harmonics. The latter oharacteristio is often
an advantage in that it makes it easier to deteot the
harmonics, and as the exaggeration 18 very definite and a
correction can easily be applied, it is not a disadvantage
where the curve has to be analysed.

In Fig. 51 curves are given showing the magnifica-
tion of an oscillograph for critical damping and for
twioce critical damping plotted against the ratio of the
frequency to the resonant frequency of the oscillo-
graph. There is also plotted on the same sheet the
phase difference (lag in this cage) between the deflection
and the deflecting force.

A comparison can now be made from Figs. 48, 49,
and 51, between the (practically) undamped osoillo-
graph (J5th of critioal) and the oscillograph critically
damped. The results of such a comparison are
tabulated in Table I. )

It is seen that, even if the osoillograph could be
damped without adding to the inertia of the moving
parts, the undamped oscillograph gives & more nearly
accurate record of the wave at the lower frequencies.
Thus, at & frequency 0-2 of the resonant frequency,
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the undamped instrument makes the wave 4 per cent
too large and the damped instrument makes it 4 per
cent too small. The phase displacement is 0-57° in
the undamped instruments, and 22-5° with critical
damping. Actually, if the undamped instrument be
immersed in oil to seoure damping, its resonant fre-
quency is reduced owing to the inertia of the oil put
in motion. Any comparison between the two cases,
for a given frequency of applied current, should,
therefore, be made for a ratio flfs for the undamped
and for a ratio 1-5f/f, for the damped instrument.

If & ratio f/f, = 0-2 be chosen for the undamped
instrument then f|f, = 0-3 should be chosen for the
" instrument with damping.

TABLE I

CoMPARISON BETWEEN UNDAMPED AND ORITIOALLY
Dampep OBOILLOGRAPES

Undamped Osocillograph | Critically Damped Oseillograph

Rati
IR | Mognifios.- l;,lh;fmlzfg Magnifica- | Phase Displace-

tion in degrees tion ment in degrees
01 1-01 0-28 0-89 11-4
0-2 1-04 0-57 0-06 226
0-3 I-1 0-9 092 30-4
04 1-19 1.4 0-85 44-0
05 1-33 1-9 08 53-0
0-6 1-56 27 0-738 820
07 1-08 3-8 0-67 80-5
08 277 0:35 0-61 770
0-9 526 13'8 0555 . 8386
10 — 800 05 €00
1-1 476 166 0453 955
1.2 2:27 172 0-41 95-6
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On this basis, the undamped instrument makes the
record (at f/f, = 0-2) 4 per cent too large and the
critically damped instrument makes it 8 per cent too
small, the relative phase displacement being 0-57° and
30-4° in the respective cases. When one is dealing
eith periodic waves only it is better to use an undamped
instrument as long as the highest frequency to be
Tecorded is less than 70 per cent of the resonant
frequency of the instrument.

The undamped instrument could not be used, however,
in a circuit where there were any sudden variations of
Current or potential as these would cause free vibra-
Tions of the instrument and it might be difficult to separate
the free vibrations from those due to the cusrrent variations
10 be recorded.

Desiderata in Regard to Damping. From the
foregoing it is evident that it would be an advantage
to be able to damp the movement of the oscillograph
without adding to the inertia of the moving parts. It
would also be a great advantage if the amount of the
damping could be varied at will and yet he perfeotly
definite at each value. '

With this in view the author began some experi-
ments in 1807 to find out the necessary conditions for
damping an electro-magnetic oscillograph by means of
a suitable shunt.

1t is known that the damping of moving aoil galvano-
meeters is very much increased by short cirouiting the
coil through a low resistance but the damping produced
by~ the movement of the coil in the magnetio field is
altogether inadequate for damping even a high frequency
galvanometer, let alone an oscillograph. For example,
consider a galvanometer with & natural period of
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1 sec. and just dead beat when short circuited on
iteelf. If the period be shortened to 15 8ec., the mexi-
mum control foroe will be 10,000 times as great as
before, but the maximum damping force will be only
100 times as great as before, so that the elestro-magnetic

/ A

Qg
Y Sqmid

I

QL
| vl
F 7
& :\AZ -~ H{wRg)®
F16. 52.—CONNROTIONS F16. §3.—VmoToR DIAGRAM FOR
FOR THR IRWIN RESONANT " TER CoNDITIONS SHOWN IN

SHUNT FOR ELmOTRO- Fia. 62
MAGNBETIO OSCILLOGRAPHS

damping will only be 3zth of that required to secure
dead-beat conditions.

It is evident, therefore, that putting & shunt across
an electro-magnetio oscillograph will not damp out free
vibrations of the wires or stripes and in one respect
this is fortunate, for otherwise the damping of an
oscillograph would vary with the value of the shunt
used when recording ourrent values in a cirouit.

Irwin Method of Damping Electro-magnetic Oscillo-
graphs. In Fig. 52 is shown the arrangement of the
Irwin resonant shunt where the oscillograph of resist-
anoce R, is shown shunted by a circuit containing a
condenser of capacity O, an inductance L, and a
resistance Ry, If a periodic ourrent s, in the mains be
written ®@,,, where @, is the maximum displacement
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in either direction round the cirouit, then Q, is the
maximum charge in the condenser C, and the maxi-
mum ourrent in the shunt circuit is @,w. @, is the
maximum quantity, and Q,w is the maximum current
through the oscillograph.

The vector representing these conditions is ghown in
Fig. 63, where the current in the shunt, @, is-drawn
vertioally and the back voltage due to the resistance
B, is shown at an angle = with Q,w. The back voltage
@,/C of the condenser is shown leading on the current

Q,0 by g and the voltage @, %L lagging by g
The resultant back voltage is

0.y (5= + (ary

and lags by an angle a behind @, Ry, but this resultant
voltage is also the voltage given by w@,R,, therefore,

Qo0 and . J(é : mm)ﬁ + (aRy

are at an angle 7 to each other and the angle between
Q,w and Q,w is a where cos a

wR,
/ (2 ) + (wBy
N\g=? + (oK)
If the voltage across the oscillograph and shunt = ¥
14 14
then @, =5 and Q, =

@ ’J<(—;— a)’L)a + (wR,)?

Qn = \/Qn’ + Q.2+ 20,Q,008a
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=7 (=) + ———
S

: 2wR,
R A'/(5 - an>’ + (wRy)? J(é— w»L)' + (wRB?

A (G R S
\/(le) + (15_ ng)a+ (oR,)? *

2R,
(G- o) + mp]

1 2
-7 / ("0“"””) + (0B + (B,0)* + 2 B,R, o

6T cncfn
-] cnofne
oo, [l ol

0. 7VERw 1 2
(5 - "”) + @B, + By

=
(5- ) + wxm, + 2
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The ratio % is the reduction in the deflection that

takes place du: to the presence of the resonant shunt,
but the current w@), through the oscillograph produces
(as shown on p. 84) a magnification
1
Vi + k¥(4nt-2) 1 <

times a8 great as it would produce at a frequency very
near zero. Therefore, the ratio of the deflection of the
oscillograph with shunt at frequency 5. to the deflection

of oscillograph without shunt at a very low frequency—

(o] <o

{(5-om2) + o@+ Boe| s 4 wamt -9 4 1)

and this is the general expression for an oscillograph
so shunted and with a damping n times as great as
critical. Generally » is only & small fraction.

To change from the general case to the particular,
where the resonant frequency of the electrical circuit
used a8 & shunt is equal to the resonant frequenay of
the oscillograph, we have—

op= LK
=0T m
® = w,k where o, is the resonant frequenocy.

2L = w, %L but @ =15

k!
therefore w®L = T
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If R, = u,R, and R, + R, = n,R,, where R, is the
registance required to make the electrical cirouit,
made up of the resistances R, and R, and of the
condenser and induction dead beat, then—
oR, = kw,Ry = kn,R,0, but R0 ,~= 25
therefore wR; = 2kn,/C 8nd w(R, + R,) = 2kn,[C

(15 - waLy + (R,

{@ - w’L)’+ ¥R, + R.)'} {54 + ki(4n® - 2) + 13}

o orrs (o

{ (1_)5(1 S (21-])E (27m,)’} {16 4 18 (43— 2) 1]

- N/ = k%) 4 (2kn,)?
§(1-%2)® (2]m,,)‘§ {8 + k(4n? - 2) + 1}

kb + k¥4nl2-2) + 1
(k4 4 B3(4n,® — 2) + 1] {E* + B (4n®-2) + 1}
1
Vi L Bdn2-2) + 1
i.e. when R; is in the same ratio to the resistance R,
that the aoctual damping in the osocillograph is to the
damping required to make it dead beat.

It 13 seen therefore that if the frequency at resonance
of the electrical circust vs made equal to the frequency at
resonance of the oscillograph, and if the ratio of the
damping present in the shumi circust to the damping

when 7, = n.
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required for dead beat conditions is equal to the ratio of
the damping present in the oscillograph to that required
for dead beat conditions, then the actual magnification
when shunted ts given by

1

Vet B 1 1

which 18 exactly the same expression as for oil damping
(see p. 84).

Ry
Ry
c L
Fia. 54.—CONNBOTION DIAGRAM FOR IRWIN
RESONANT BHUNT TO PRODUCR VARIABLE
DAMPING

But 7, which is the ratio of B, + R, to R,, replaces
n which was the ratio of p to p,.

If n, = 1, ie. if the value of R, + R, = R,, where

2
R,=2Lw,= o0 then the oscillograph as shunted
0
gives the same magnification as if it were damped by a
viscous weightless fluid so as to be dead beat.

If n, = }, the damping is half oritical.

If n, = 2, the demping is twice critical.

Therefore, as the shunt circuit (which remains
unchanged) can be arranged across a greater or lesser
resistance in the main circuit, so the damping can be
increased or diminished as shown in Fig. 54 where the
value of R, can be altered by the slide.
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It would be quite practical to have this slide wire
graduated to show the value of the damping, or to
indicate the resistance necessary to make the magni-
fication unity for any particular harmonic. Thus, if
the harmonic had a frequency equal to the resonant

&90_7h

1
o6

E 05 \

Jos N\

$os —\
\

Y
Ko7

/

criti

actual

Ratio
o

0 02 04 06 08 10_ 1z 74
Ratio of actusl to resonent frequency =Sy
Fig. 55—Curve Spowme DimpiNg REQUIRED ror UNITY
MAGNIFIOATION, AT VARIOUS VALUES OF FREQURNOY

frequenocy of the oscillograph, the value of (B, + R,)/R,
would have to be 0-5 (see Fig. 48, p. 83) to make the
magnification unity.

In Fig. 556 a ourve (a quarter of a circle to the
scales chosen) is drawn to show the relation between
the necessary demping and the frequency to make the
magnification unity. The damping varies from 0-705
of critical at zero frequency to 0 at 41 per cent above
the resonant frequenacy.

The phase difference between the ourrent in the
mains and the defleotion of the oscillograph is shown in
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Fig. 56 ; where i, is the ourrent in the shunt ; ,, the our-
rent in the mains ; and §, the current in the oscillograph.

Since the resonent shunt circuit must be identical,
88 far as damping and phase displacement are con-
cerned, with the oscillograph iteelf, we can replace K

/ g
Ly B ptipeina

<< i
JisRa

o[ Zp-wl)+BE

F1q. 56.—VmoTOR DiAcraM RITATING To THE USE OF
TEE IRWIN RESONANT SHUNT '

3

by 1/0; pby By; and m by L ag ghown. The angle
6 gives the angle of lag of the oscillograph deflection
behind the current in the main, and a is the lag of the
deflection behind the current in the oscillograph.
Now from the figure it will be seen that—
tanf o T RSma S g
%,008 a 1,008 @
5 R,

G e
e + 5

but cosa=
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therefore tan 6 = B R

1
=(R1+R,)(L_ >
>0 wlL Z\

182 o
Now o€ = kw,0; oL = ko,L; and w,OknW

therefore t.&nB=M-< k )

w, L \1-F?
and m,L=1—;“
_2(R1+R,)( k )_ k
themforeta.nO_T i~ _2'n,,,mI

where 7, is the ratio of actual damping to critioal in
the eleotrical circuit. This expression for determining
the angle lag of the oscillograph deflection behind the
current in the main oircuit is exactly the same as that
for the instrument with oil damping (see p. 86).

It 18 evident, therefore, that with the resonant shunt both
the magnification and the phase displacement for any
frequency are the same as for a massless viscous damping
medium,

If both the magnification and the phase displacement
are the same for the resonant shunt method as for the oil
damping for every freq Y, then they will give the same
record for any shape of wave, i.e. the resonant shunt can
make the instrument dead beat for a suddenly applied
pressure or for a rectangular wave,
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The direct proof for this was given to the author
by Mr. T. Hodgson of the City and Guilds (Engineering)
College, and as this confirms the results obtained by
considering periodic functions, the author hes pleasure
in reproducing it below and of acknowledging at the
same time the valuable help he received from Mr.

B,

Ry Q

L c

F16. 57.—DI1AGRAMMATIO REPRESENTATION OF
RBSONANT-SHUNT DaMPING

Hodgson in connection with the method. It was
Mr. Hodgson who first showed that the values of R,
and R,, which are definite at the resonant point, also
apply at all other frequencies.

Mr. Hodgson’s Proot for Resonance Shunt Method.
Referring to Fig. 57, which shows the cirouit diagram-
matically, we have the following basic equations—

Meshanical Oscillations.
mA + pA + KA=0
A+LatEa_

A+Lit—a=o

substituting 7% = 2b and g = o?

A+ 20A+ *A=0
and A = ¢¥ (A4 cos gt + B sin gt) where q? = w?- b*
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Electrical Oscillations.
LG+ B+ R)Q+ 5@ =0
G+20 + 0@ =0

_ B, + R, 1,
wherezl_—L—— g=9°

Casm I. In this case, B, 4+ R, < critical resistance ;
A<w; &nd the solution is of the form.
Q = ¢4 § 42 cos pt + B sin ut}
where u? = @?—~ 12

Taking @ = @,, @ = 0 when ¢ =0

Le. In Fig. 57 consider that there has been a steady
current flowing in the mains and that there is a charge
@, in the condenser C, and that this current is broken
at time £ = 0.

4=g,B=tq,
u

. @? .
whenoe @ = — 7‘— Q. sin ut

i= -G = 2 Qutsin

where ¢ is the current from the condenser that flows
through oscillograph.

Due to ¢ the motion of the oscillograph is given by

. . 4
A + 2A + A = TT“’ Q.M sin pt
8—(5397)
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Where T is a constant such that deflection = 7' x
ourrent. The solution of this expression is—

A=eb {4 cos gt + B sin gt}

To?
-As 1
+2(“)Q,e (A sin pt + pucos ut)
taking A =a, A A=0whent=10
B dd—oifa= 12 ¢
= O A= ORE= ua
e Qat
l.B.].fi—m-)
Now @, = CRys
? —OR, = 2(“’)_21,0(;4;)
.. R, = 2L(i-b)
but B, + B, = 2LA (from the definition of )
. Ry = 2Ib
R, b
R, +R, &

which is the necessary condition for exact annulment
of the free vibrations of the osoillograph by the current
flowing from the condenser.

Case II. Inthiscase R, + R, > critioal resistance ;
A>w; M- 0= pt; and—

A =eb (4 cos qﬁ+Bsmqt)+ “,)Q,e'/1 (Asinh
Ht + wcosh ut). Aa.ndBwﬂ.lba—Oort.herewﬂlbe
o Qoot

complete s.n.nulment].fi_z(l b)a.abefote

. . R b
hich leads to Ry = 2 —_ =
which again le R Lba.ndR1+R' i
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If, therefore, an adjustment be found for any one
value of R, the value of R, will remain the same for
all values of R,.

R, b
For state of dead beat F+R-w

The value of b can also be found directly. The period
of the oscillograph being 2—; or %T approximately—

2

. . . a -

The ratio of successive amplitudes = —* — s '@
a,

therefore b 2 log i
w ay

[ a1\ ﬂ
b= 2‘—”10g (a—.) = frequency X log .
b being known R, = 2Lb
and R, is now fixed for all variations of R,.

Up to the present we have been considering cases
where the only shunt to the oscillograph is the resonant
shunt. Where the instrument is used to record large
ourrents the shunt in the main cirouit is also shunting
the oscillograph as shown in Fig. 58 and, as the resist-
ance of this shunt is almost always negligible compared
with that of the oscillograph, we can neglect it in con-
sidering the discharge of the condenser C' through the
osoillograph and the shunt in parallel. If an additional
constant resistance r be placed between the main shunt
and the oscillograph, a portion #/(r + R,) of the
ourrent from the condenser flows through the oscillo-

" graph, therefore we have to increase the capacity to
(r + Ry)/r of what it was before. Then, to keep the
frequency constant, the induction L becomes r/(r + R,)
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what it was before. Also, B, becomes R,!, where
= R, X 7/(r + B,). Now R, and r in parallel give
sistance to the condenser discharge R, X r/(r 4+ R,),
that the total resistance to the discharge of the con-

r
’__I_Rlofthe

r
wer is Ry' 4 lel—) which is
ue of Ry + R,. .
f, as practical values, r = R, then the capacity,
inductance, and resistance
would be altered in the
correct proportions if an
exactly similar resonance
shunt were placed in
parallel with R,, C, and
L, and connected as shown
by the dotted lines in
B I g Fig. 68. The same result
would be attained if the

oooer B, oowymoms  0apacity were doubled
2088 SEUNT IN MAY Oreourt  gnd the resistance Ry and
Gmwm °"  the inductamce L were
halved. The damping

uld vary, however, if the value of r were altered to
ry the magnitude of the deflection ; thus, if r were
ried from 0-57 to 1-r (where r is the value giving
tical damping) the damping would be varied from
36 of critioal damping to 12 time critical, which
wuld be less than the variation produced by oil
mping owing to variation of viscosity with temper-

-

v

are.

Resonant Shunt Damping for Electrostatic Oscillo-
pphs. This method of damping an electro-magnetio
villograph can also be applied to electrostatio

M D d N

NN O L O

QO oy
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instruments. Thus, in Fig. 59, if an electrostatic oscillo-
graph E.0. were placed in parallel with the electro-
magnetic oscillograph, the eleotrical forces applied to
the moving part of the eleotrostatio oscillograph
would be proportional at every instant to the forces
applied to the electro-magnetic instrument so long as
the resistance R, was truly non-inductive and had no
appreciable back-E.M.F. induced in it.

P

)

F1a. 50.—RESONANT-SHUNT DAMPING APPLIED TO AN
ErmoTROSTATIC OSOILLOGRAPH

I, therefore, the electrostatio oscillograph be made
of the same frequency as the electro-magnet instrument,
and has the same ratio of actual damping to critical
damping, it can be made dead beat, under-damped, or
over-damped by varying R,, just as in the case of the
electro-magnetic oscillograph. In practice, B, would
be made a very high resistance and this means that
R, and L would also be very large, and the capacity
C would be very small.

Let us oonsider the case of an electrostatio oscillo-
graph of a oapacity 40 X 10 8 4F, with a resonant
frequency of 2000, and suppose that the damping out
of oil is one-twentieth of the critical value.
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At its own natural frequency, if the voltage required
to give & suitable deflection were 2000 V, the capacity
ourrent taken by the instrument would be—

@0V = 1,260,000 X 40 X 1072 = 50 X 10 A.

If the current through the resistance R,, were, say,
ten times as great, then R;= 2000/(50 X 10%) =
4 X 10% = 4 megohms.

If one required to use this oscillograph to give &
record of the voltage on, say, & high pressure system

46 Megohms 4 Megohms

Fia. 80.—ELROTROSTATIO OSCILLOGRAPE WITH RESONANT-
SHUNT ABRANGED TO REOORD EXTRA-HIGH VOLTAGE

of 33,000V, the series resistance would be of the
order of 50 megohms, and the current taken from the
mains would be of the order of 0-5mA. The arrange-
ment would be as shown diagrammatically in Fig. 60.
To make the instrument dead beat
Ry 1
4x10°+ R, 320
therefore B, = 4 x 10%/21 = 200,000 ohms (approx).

2
Now B, + R, = -7 (see p. 96),
0

therefore € = 2/(4 x 10® X 12,600) = 4 X 10°54F,
and 2wl = R, 4 By =4 X 108 ohms
therefore L = 4 X 109/12,600 = 317 henries
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a value which, although high, is fairly easily attainable
with the fine wire now available.

The advantage of a resonant shunt for damping an
electrostatic oscillograph is that it makes the damping
independent of the dielectric medium, which can there-
fore be chosen for reasons other than damping. Thus,
compressed air, or any gas, could be chosen instead of

Cs

RB1y

A R B
B2

L ¢

Fia. 6l.—RmsonaNT SEUNT UsEp wrrE Ermormo-

MAGNETIO OSOILLOGRAPH, AND WITH A CONDRNSHR

BEUNTING TER SERIES RESISTANCR TO INOREASE THE

RaNem or FREQUENCY OVEE WHICH THE INSTRUMENT
oax e Usmp

oil. If a very high vacuum be used the dieleotrio
strength can be increased to, say, twenty times that
of air or, say, seven to ten times that of oil, and this
will make possible frequencies for electrostatic instru-
ments as high as for electro-magnetio.

Working Range of Frequency with Resonant-shunt
Damping. Since the resonant shunt method of damp-
ing gives & means of producing less than or more than
critical damping at will, it opens up a new method of
inoreasing the range of frequency over which an
oscillograph can be used.

If an oscillograph of the electro-magnetic type be
used to indioate the pressure between two points 4B,
Fig. 61, and if the value of R, be adjusted to give, say,
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twice oritioal damping the curve of magnification for
bwioe critical damping given in Fig. 51 would apply
to the instrument and, at its own resonant frequency,
the amplitude of the vibrations would only be one
quarter of the amplitude given by the same Pressure
variation at very low frequencies.

If, however, the series resistance R be shunted by a
oapacity C, the magnitude of the ourrent taken from
the mains when R is very large compared with R,

2
becomes F 4/ (wC,)? + (%) instead of %’ therefore, if
the ratio of w to w, = % as before the ordinary magni-
fication of amplitude for an oscillograph
1

Vi £ an-z 11 &%

becomes—
SRR
. N ()
Vi + k(4P -2) + 1 (1/R)

since w = kaw,.

If the ratio of w,C, to 1/R, ie. the ratio of the
current taken by the condenser C, to the current taken
by the series resistance R at the resonant frequency of
the oscillograph, be called ¢

241

Then the magnification = ]%

If », the ratio of damping to critical damping = 2,
and if we make k the ratio of frequency to resonant
¢ +1

16

frequency = 1, the magnification —
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Thus, at the resonant frequency, if the magnification
=1 ?+1=16
and ¢ = 3-87
Ifg = 4 the magnification at resonant frequency = 1-03
r -
" ) “3%

\
%\
inf forcs

A~
L)
g
deflocting

Magnification.
'\
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P
N
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Ratio of sctus! to resonant frequsncy =4,

Fi1c. 62.—OurvEs SEOWING MAGNIFIOATION AND LG OF

OBOILOGRAPH DEFLECTION AT VARIOUS FREQUENOIES

wiTE Twiom ORITICAL DAMPING, AND WITH A CONDENSHR
SEUNTING TER SERmS RESISTANCE

5]
N
A\
5.
3\
8
Lag of chflection bohind

d-b’a

If we take ¢ = 4 and 7 = 2, and plot the values of
162 + 1

’/IW:——@H from k= 0 to &k = 3 we get

a curve as shown in Fig. 62,

It will be seen that the variation of magnification
(position- or negative) nowhere exceeds 5-5 per cent
over a range of frequenoy from 0 to twice the resonant
frequency of the instrument and that even at three

- times the resonant frequency the reduction of ampli-
tude is only 165 per cent, whereas the same instrument



II0 Oscillographs

critigally damped and used at three times its resonant
frequency would have a reduction of amplitude of
90 per cent.

The phase dlsplacemant a of a damped oscillograph
working in the usual manner is given by—

2nk
tan @ = 7— (p. 86).

but if the series resistance R be shunted by a condenser
the current from the mains will lead in the pressure by

0
-1 f— podAui
the angle tan / but o = wk and iz
therefore tan! wCR = tan™ gk.

The angle between the applied pressure and the
osoillograph deflection is therefore—

. 2k

_  —tan-l
ta.nlkatanqk

The angle ten! 12 7 is already plotted on the ourves

shown in Figs. 49 and 51, and we have only to sub-
traot tan-lgk from the angles there shown.

For ¢ =4 and n = 2 a phase displacement curve
is shown in Fig. 82 whence it will be seen that the
phase displacement is practically & straight line over
& range up to 3-5 times the resonant frequency.

The actual curve is nowhere more than 2° from the
straight line given by 13k.

Recording Transient Phemomena. Using a con-
denser across the series resistance of the oscillograph.
Since this method of working an oscillograph shows
such marked advantages over the usual method for
periodic veriations it is necessary to inquire into the
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performance of the instrument when subject to transient
phenomena.

It is necessary to oonsider the order of magnitude
of the various portions of the electrical cirouit shown in
Fig. 61. If R, be the resistance of the oscillograph
this can be made, say, of the order of 5 ochms.

If a ourrent of 0-1 A gives a large enough deflection
then, on & voltage of 100, the series resistance R is
1000 ohms. If the oscillograph have a resonant fre-
queney of 4000 then in the above case, where wC,R = 2

2 1
then 00 =1506 % 27 x 4000 — 2 "

If a steady voltage V be applied suddenly across the
terminals 4B (Fig. 61), the condenser U, is charged
through the resistance R, of the oscillograph and the
charge @ in the condenser at any time ¢ from the
application if the voltege is given, in terms of the final
charge VC,, by the equation—

Q = VC,(1 - &%k,

1
In the present case, C,R, = X 108 X 6 =4 X 1077

and if ¢ =4 X 107 second, then (1- &%) = 0-63
i.e. the condenser acquires 63 per cent of its charge in
less than half a millienth of & second.

In one-millionth of a second the condenser acquires
about 92 per cent of its complete charge, that is to
say in a time very short compared with the frequency
of the oscillograph the charge C,V will flow into the
condenser. This charge will give an impulse to the
osoillograph strips per unit length, equal to C,(V/10)B,
where B is the strength of the magnetio field in which
the strips are placed. If m be the mass per unit
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. B
length, then the initial velocity is given by C’.K — or,
Y07 10m
L
R

If the resistance of the oscillograph were lower, or
if the value of wC,R were less than 2, then this velocity
would be attained in a still shorter time.

To consider how the initial velooity

say,

207
) m
the oscillograph let us take first the simple case of a
critically damped oscillograph, ie. the case in which
p == 2wm. InFig. 63 the lower curve shows the defleo-
tion of a critically damped instrument plotted against
an arbitrary soale of time when a constant force is sud-
denly applied to the moving element. In the present
cage it is the ourrent due to a voltage V.

At first sight it would not appear that, when an
instrument is just dead beat or critically damped,
one could give it an initial velocity and yet, with the
same applied force, still have the instrument dead
beat, i.e. have no over-shoot of the final position.
That this is so, however, is evident if we oonsider
the upper ourve in Fig. 63, which shows the deflection
plotted against time for an applied voltage 2V. This
ourve has at every time just twice the amplitude of
the lower ourve. When the deflection for the curve
for 2V attains to the final deflection for V the resultant
foroe due to the difference between the current in the
strips and the control force is just equal to the force on
the strips at the beginning of the curve for V. It is
obvious, therefore, that if tan a be the rate of change of
the ourve for 2V, at the moment when this curve has
half its final value, the ourve for ¥ could start with a

affects
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slope at least equal to the angle a. The curve for
deflection against time for applied voltage ¥ would
then be a'blcld! exactly similar to the portion of the
ourve abed for 2V.  Also, if the curve abed be tangential
to its final position then a'blcld! will be tangential to

6

c,

an for applied voltage 2 V.

z, / /‘\5 flaction for applied voltage 7.

o 1 2 3 4 5 7
Time.

Frg. 63.—CURVES SHOWING RELATION BETWHEN DEFLEOTION
AND Tmum wrre CRITIOAL DAMPING
(Nots.—Tho scales of deflection and time are arbitrary)

ite final position, i.e. it will not cross or overshoot the
line corresponding to its final value and so is still
dead beat. i

Fig. 63 shows, especially for the initial portions of
the ourve, how much more quickly the curve starting
with an initial velocity attains to & particular value as
compared with the ordinary damping ourve; thus
one-fifth of the final deflection is attained in one-third
of the time and one-half of the final deflection in half
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the time. (These values are approximate as they are
measured off the curve). .
Mr. Hodgson has worked out the general case for a
critically damped osecillograph as follows—
mA + pA + EA = yg
" . K y
therefore & + £A +ZA = X
where y is the electro-magnet force for one ampere.

K YV
I.et;:-m‘. Fi.naldisplwcemen’aA=m=a

0¥ _
m

Initial velocity A =
For critical damping ;" =20

A -+ 2a1A + 0'A = o'
golutlon A = a 4 (4 + Bi)ew

then A = (B - Aw - Bat)s*
whent=0 A=o0 . A=-a
a.ndwhant=oA=u S, u=B+aw B=u-aw

For maximum deflection—

1 4
A=o . B-Adwo-Buwt=oort=—-=
w B

or e =o,le.t =0
overshoot'A —a = (4 + Bt)e for this value of ¢,

A
=oifA+Bt=o,i.a.i=—-—B;

»
ore¥ =o,le.i=0.
1
For these two values oftbongree-ﬂ—)=o Joo=wo;le.

there is no posalble solution if C, does not equal zero, since the
alternative is 6% = o,i.e.{ = 0.
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. If C, does not equal zero there will never be any overshoot
smee— 1 4 1 a -u_
t=Z__ — - —— = ——— ig negative

unless ¥ > aw, i.e. C, > 1/Rw, i.e. C.Row > 1

It follows from this that the instrument can be given
an initial velocity » = aw, or C,Rw can be made
equal to one, and yet the instrument will be dead beat.

If C,Rw be greater than one then there is overshoot
and Mr. Hodgson gives the solution as follows—

a %
u-ao o(u-aw)

Maximum deflection occurs when ¢ = ;1+

c, __Rg,
1 ~ RCw-1
o(0,-75) '
Overshoot = {—a + (u— wa)t )™
e Y em v
RO,0
_ (yC,V YV "ROm-1
=\"ne “mor/°®
‘ RC,0
yV " RO@m-1
= L (RCw-1)e
A 4
since 5% = a. ROw
-.Ra.m—l

Ratio of overshoot to a = (RC,w —1) e
.2
=(g-1)e -1
where ¢ = RC,w a8 before.

The following table shows the ratio of overshoot to
final deflection for various values of RC,w, i.e. of ¢—

ROm 12 14|16 (18| 20| 22 | 24|26

Ratio of Over-
shoot to Final «0005 | -012| -041| -085| -136| -186| -25| 31
Deflection
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It is seen that for values of RC,w = 2 and n — 1,
the overshoot is only 13-8 per cent of the final steady
deflection.

It is shown on p. 108 that the magnification of the
oscillograph when oritically damped and with the
series resistance K shunted by a condenser, is given by

N/ (kg)* 1
where ¢ i8 the value of RC,w ; % = ratio of the actual
frequency to the resonant frequency of the oscillo-
graph ; and n = ratio of actual to oritical damping.

In=1and k=1, ie. in the case of an osoillo-
graph critically damped and working at its resonant
frequency, the magnification = +/[(¢? + 1)/4] so that,
if ¢ = 1, the magnification = 0-7. .

If we wish to make the magnification = 1, then
9"+ 1=4¢ and ¢=1-73. For this value of g the
overshoot of the deflection is only 8 per cent.

The veriation of magnification with applied fre-
quency, when working with & value of ¢ = 173 and
with critical damping, is shown in Fig. 51 (p. 87) to
make it comparable with the instrument as used nor-
mally. From this curve it is seen that the instrument -
will work over a range up to 1-3 times its resonant
frequency with an error not greater than the instru-
ment, as used normally, would have up to 0-3 of its
resonant frequency. In other words the range of
frequency on which the instrument can be used is
made over four times as great as when used without
the condenser shunting the series resistance.

The phase displacement for the conditions here con-
sidered (¢ = 1-73 and oritical damping) is also shown
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in Fig. 61 (lower dotted curve) whence it is seen that
the displacement in degrees is practically proportional
to the value of k (= f/f;) and is very nearly expressed
by 28k. The chain dotted line in the figure is drawn
for a displacement = 28k.

If the displacement were exactly proportional to k
there would be no displacement of the various har-
monios relative to the fundamental.

The above results hold for any eleotro-magnetio osoil-
lograph, no matter how damped, therefore the range of
frequency of any Duddell oscillograph damped in the
usual manner could be increased fourfold by placing
in parallel with. the series resistance, a oondenser
taking a ourrent 1-73 as great as the series resistance
at & frequency equal to the resonant frequency of the
oscillograph. The curve given by an instrument of
nominal frequenoy 2500 would then be more accurate
than one of nominal frequency 10,000 used in the
ordinary way.

Mr. Hodgson has also found an expression for the
maximum value that the condenser C, can have, so
that, when the damping is greater than oritical, the
instrument still gives a deflection which just fails to
overshoot its final value, i.e. is just dead beat. The
relation that he finds is—

p= ma)(RO’.w -|~ RC‘LCD>

but p, = 2mw is the relation for critical damping.

1
RC,0 + =~
Therefore £ = )
Po 2
0—(5897)
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or, denoting £ by 7 ; and RC,0 by q:—
Po

=g+t
n = -
q

On p. 109 there is a case worked out for n = 2 and.

= 4, L.e. with n = 2 instead of §(¢ + }) = 2-125 which.
is the value necessary to give no overshoot, and the
curve is shown in Fig. 62.

It is well known that, when the .damping is very
nearly critical, under a given condition of working, a
comparatively large variation in p will not affect the
value of the overshoot to any noticeable extent, there-
fore the oscillograph so arranged would show no
appreciable overshoot.

Curves could be drawn for values of ¢ plotted against
n for oritical damping and curves obtained similar o
those in Fig. 62 for particular values of » and q.

For higher values of ¢, # can be taken as half q
without any serious error, thus if ¢ = 10 the value
7 = 6. is within 1 per cent of the true value.

In such & working of the oscillograph the control
due to damping forces has been made very large
compared with the inertia and oontrol forces.

In the preceding cases the results were worked out
for an electro-magnetic oscillograph used to indicate
the pressure between two points in a circuit. The
oonditions are altered when the instrument is used
to indicate the current flowing in a circuit and where
the instrument is used as & shunt to a resistance. It
is evident that the resistance must now have self-
induction as well as resistance and, if the current and
potentia] curves are to be exactly comparable, the
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ratio of the reaction to the resistance voltage must
be equal to the ratio wC,/(1/R); ie. oL/R, = wC,R;
where L is the self induction of the resistance used as a
shunt, and R, its resistance.

It might be considered at first somewhat troublesome
to adjust the resistances in the main circuit to have
this value of wL/R, but, except for the resistance shunts
for small currents, the resistance will have nearly
enough self-induction. Thus, if w0,R = ¢ = 2, then
for & shunt to give 1V drop for a current of 50 A
oL/R,= oC,R=2; R,=002; and oL = 0-04.
Hence, if @ = 2, 4000 = 25,000 (i.e. if resonance fre-
quency = 4000) L = 1-8 microhenries.

A single turn of No. 14 8.W.G. wire, in the form of a
square of 10 om. side, would have an inductance of
about 0-4 microhenry, and less than three such
turns of wire would be required to give the neces-
sary induotance. A simple mutual inductance could
also be arranged to have the necessary ratio of M
to R.

Practical Conclusions Regarding Range and Error of
Oscillographs. To come to practical results in ocon-
neotion with the errors due to oscillographs it is
sufficient at present, to say that an Einthoven galvano-
meter or oscillograph, in which there is no loading of
the wire by a mirror, fulfils the above theory very
exactly, but an oscillograph of the bifilar type does not
conform so closely.

The one reason for this is that a bifilar instrument
has generally two essential periods of vibration as it
is almost impossible to arrange the two wires to have
equal tensions, and to place the mirror absolutely
symmetrically across the wires. There may also be
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a condition analagous to the case of two closely coupled
cirouits where the energy surges alternatively from one
circuit to the other; in the present case the energy of
vibration may surge fron one wire to the other owing
to the coupling due to the mirror. These defects are
not important in cases where the damping is large and
only appear when the ratio of actual damping to
critical damping is small.

The principal disadvantage of the bifilar oscillograph
is the loeding of the wire due to the mirror. The theory
as far as we have given has been based on the assump-
tion that the forces per unit length (due to the current,
inertia, damping, and control) are uniform along the
length of the wire but if there be considerable mass
lumped in the middle of the wire it is evident that the
damping force for unit velocity should be greater at
this point. If it cannot be made greater locally, then
we must make the damping of the strips greater than
necessary to prevent overshoot when a voltage is
suddenly applied. This is the condition under which,
at present, all oscillographs of the bifilar type work
when immersed in oil, and it accounts for the falling-off
in deflection of the oscillograph with increase in the
frequency of the current flowing through it. The fact
that this falling-off is greater than the theoretical
value shows that the instrument is really overdamped.

The curves shown in Fig. 68 (p. 123) show how
impossible it is to make any theoretical deductions
from en oil-damped oscillograph of the bifilar type,
especially when neither the effective mass, nor the
resonant frequency, can be determined with any degree
of accuracy.

When one comes to apply the resonant shunt method
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to a bifilar oscillograph, the departure of the oseillo-
graph from a simple vibrating system becomes
apparent, and & resonant shunt circuit worked out for
& particular instrument shows for a square wave of
applied voltage a small residual ripple of the order of
from one-twentieth to one-tenth of the deflection, thus
showing that about nine-tenths of the deflection of

TF16. 64.—RECORDS OF THN SUDDEN APPLIOATION CF A STEADY
CuBBRNT TO A HIGH-FREQUENCY BIFILAR OSCILLOGRAPH
(@) UNDAMPED, (b) WITH RESONANT-SHUNT DAMPING

the strips had been absorbed, or 99 per cent of the
energy. If the vibrating system had been a simple
vibrating system the absorption of energy would have
been complete as shown in Fig. 17(a) for an Einthoven
galvanometer. Even when . there is an average
residual deflection of 8 per cent with the resonant-
shunt method, the interpretation of the results is
easy as the resonant frequency of the oscillograph is
generally muoh higher than the wave under observation.

Fig. 64, herewith, shows the result of sending a
constant current through a Duddell high-frequency
oscillograph. In the upper ocurve, with the strips
undamped, there can be seen the effect of the beats
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between the two wires. At the moment of break
owing to the extremely rapid movements of the spot
the curve is very faint. In the lower curve the effect
of using the oscillograph with a resonant shunt is

F1a. 65.—KHCORDS OBTAINED WITH A HIGH-TREQUANCY
BrFrmusr OSOILLOGRAFE CRITICALLY DAMPED (o) wrTeE Om
(b) BY A RESONANT SHUNT

clearly shown, the general outline following the usual
damping curve for an oscillograph, but showing small
residual vibrations for reasons already explained. The
maximum value of these vibrations is about 5 per
cent of the initial displacement, and this value of & per
cent is nearly twice what would be produced if there
were no beats between the two wires. When taking
this record Fig. 85() the oscillograph was over-damped
in order to show the curve more clearly, but the amount
of the damping can be varied easily at will.
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Fig. 65 is reproduced from two oscillograph records
taken on the same plate, showing the results obtained
(@) by & high-frequency Duddell oscillograph critically
damped by oil (upper curve); and (b) by the same
type of oscillograph damped by a resonent shunt
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Fia. 86.—CURVES SHOWING RELATION BETWHEN AMPLITUDE

OF VIBRATION AND FREQUENCY OF CURRENT IN A BIFILAR

OSOILLOGRAPH WITH OIL DAMPING AT VARIOUS THMPERATURES
AND WITE RESONANT-SHUNT DAMPING

(lower curve). In spite of the great irregularity in
the ourve the two records are almost exactly similar ;
actually the peaks are slightly higher with the resonant
ghunt. As the highest important harmonic in the
record hes & frequency not exceeding 1000, one would,
of course, expect the records of both elements to be
jdentical and true. It is only when the frequencies
are much higher, and near the resonant frequency, that
one observes a discrepancy.

In Fig. 66 is shown the performance under various
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conditions of a bifilar oscillograph made by the General
Eleotrio Co. (U.8.A.).

The oscillograph is one with & nominal frequency of
about 4000 and its performance is shown under four
conditions : (I) with the oscillograph cold ; (II) with
the oscillograph just showing critical damping ; (ITI)
with the oscillograph hot after four hours; and (IV)
with a resonant shunt. The heating was due to the
exciting cirouit of the electro-magnet.

The ourves show the relation between the amplitude
of vibration for & sine wave of current and the fre-
quency of this current. This corresponds to the
magnification curves plotted in Fig. 51 against the
ratio of frequency to resonant frequency.

Curve IT for critical damping, i.e. just dead beat,
shows an amplitude of deflection at frequenay 2400
equal to half that given at frequency zero. If we
deduce from this that the resonant frequency is 2400
it means that the presence of the oil has reduced the
resonant frequency from 4000 to 2400 or made it
0-8 of what it would be out of oil. A usnal value for
this ratio is about 0-66.

The curve (I) showing the relation between frequency
and amplitude with the oscillograph cold has, at &
frequency 2400, an amplitude 0-21 of the amplitude at
frequency zero, so that the damping when cold is
0-5/0-21 or 2-3 times the critical value. At a fre-
quency 2400 with the oscillograph hot the amplitude
is 093 and the damping is 0-5/0-98 or 0-54 of critioal, so
that, due to change of temperature alone, the deflec-
tion at that frequenoy can vary over a range of 4/1.

At half the resonance frequenay, or 1200, the defleotion
can change from 0-42 to 1-08, i.e. over aange of 2:5/1.
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On the other hand, the same instrument used with
aresonant shunt, curve (IV), has up to 2000 frequency a
maximum change of amplitude of 6 per cent, corre-
sponding to a condition of damping between half and
full oritical damping, and it will remain constant at
all temperatures.

The principal conclusions to be drawn from these
results are—

(1) Using an oscillograph damped in the usual way :
(@) it is advisable for the series resistance to have a
capaocity effect either inherent or added ; and (b) the
shunts in the main circuit should be inductive, not
non-inductive.

(2) Using a resonant shunt for damping purposes
has very considerable advantages as it does not reduce
the resonant frequency of the oscillograph and the
damping can be made adjustable and definite. In~
this case also : (a) there should be & capacity shunting
the series resistance ; and (b) the shunts in the main
cirouit should be made inductive.

(3) An electrostatic oscillograph can be damped by
& resonant shunt and can be placed in a high vacuum
to enable large electrical stresses to be employed.



CHAPTER IV
THE CATHODE RAY OSOILLOGRAPH

General Principle. The cathode ray oscillograph w
first developed by Braun and is sometimes spoken of
a Braun Tube. It depends on the principle that & stree
of negative corpusoles can have their path deflected
either an electro-magnetic or an electrostatio field.

If a highly exhausted glass tube such as shown
Fig. 87 has a cathode plate K sealed into one end a:
& anode plate 4 some distance along the tube, the
when & high enough voltage is applied between t
plates K and 4, an eleotrical discharge will pass a:
this discharge will be carried in the tube chiefly 1
very minute bodies ocalled electrons, each of whi
carries & negative charge of electricity. Sometim
the charge and its associated body is called an electrc

As the ourrent is carried chiefly by negative charg
these will be discharged against 4 with great velocit
and if there is & pin hole in the centre of A some of t]
electrons will be projected through this opening dov
& small tube ¢ In their flight they will pass: (
between & pair of parallel plates PP with their plas
horizontal ; and (2) between & pair of plates Q@ wi-
their plane vertical and will eventually strike tI
soreen S and cause fluorescence.

An electrostatio field can be established between t
plates PP or between the plates QQ; and a pair
ooils OC can produce & magnetic field superimposed «
the electrostatio field due to the plates QQ.

126
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Dynamics of the Braun Tube. A body of mass m,
. oarrying a charge e, measured in electrostatic units will
be subjeot to & force in an electrostatic field given by
ell, where E is the strength of field in electrostatic
units, the direction of this force will be along the lines
of force. If the body has motion at right angles to a
magnetic field it will also have a force acting on it
at right angles to its motion and to the magnetic field.

(a)

Fia. 67.—DIAGRAMMATIO REPRESENTATION OF THE
BrauN TuUBE

Force and Motion in a Magnetic Field. In consider-
ing this case, let all measurements be made in electro-
magnetic units. A charge e moving at a velocity v is
the equivalent of a current of ev and the force in dynes on
a conductor carrying this current would be evB per unit
length, where B is the intensity of the magnetio field.

If the moving charge has a length of path in the
magnetic field = 4, the time’ during which the force
evB sots is A/v, and the displacement 8, from the
initial straight line during this time will be

- evB A*
h=dat =g,

The velocity impressed on the moving charge by the
magnetio field is % f'—) g0 that if the charged body has
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a distance L to travel after it has passed out of the
magnetio field it will have a further displacement -
WB: % or & total displacement 8 = 4, 4 8, =

evB A% evBAL e Bi (l i )
T T T my \g L) oms where all
measurements are sn electro-magnetic units.

Force and Motion in Electrostatic Field. In this case,

all measurements are made in electrostatic units. If a

8y =

PABALLEL PraTEs

body of mass m and a charge ¢ has a velocity v and if
it pass in its flight between two parallel plates (Fig. 68),
which are maintained at a difference of potential Z,
then, if the distance between the plates be d, the
electric field is E/d and the force acting on the body is
eE/d.

The time required to pass the plates is Afv and the
displacement &, from the initial straight line

E (A
=jatt = }— [ =
dat dm e<v>
The velooity impressed on the moving charge by the

B
field is ] TZ % » 80 that if the charged body has a distance
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Total displacement 8 = 4, + 8§, = Be ( _,_é)
dmv? 2
_Eea ( L }.) o here all -
=Ama =+ 3 ma. where measurements are wn
electrostatic units. The value of e/m for cathode rays =
5-316 X 1017 electrostatic units or 1-772 X 107 electro-
magnetic units.

The velocity v given to the electrons ig determined
by the voltage between the cathode and anode plates.
If we keep in mind the fact that the work done on a
body, in moving it from a plate at one potential to
another at a different potential, is independent of the
path taken and depends only on the charge on the body
it is easy to oalculate the velocity of the moving
corpuscles.

If the distance between the cathode and anode

plates is D, the field in electrostatic units is g The

force on the electron is Ke the acceleration = _V_e and
D . Dm

v® = 2 X acceleration X D = 217‘—E p=2vE
Dm m
therefore v = A/ 27,
m

2 = 5316 x 10
m

v=10-3 x 108V7V
If ¥, be measured in volts then

v»=10-3 x 108 %:5-95)(10" VvV,

This assumes that no energy is spent in tearing away
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the electrons from the cathode, or absorbed due to
viscosity in the medium through which they pess. .

Sensitivity of the Braun Tube. We are now in a
position to caloulate the sensitivity under any given
condition.

In the tube shown in Fig. 67 when a stream of
electrons is projeoted at a high velooity against A
some of them will pass through a small aperture in the
centre of the plate. A diaphragm with a hole in the
centre, or else a pinhole tube as shown at i, Fig. 67,
is interposed between the anode 4 and the screen §
on which the stream of eleotrons (or “ cathode ray )
falls ; this is to cut off secondary radiation and light,
and to confine the pencil of rays and the spot to & small
diameter.

Case (a)—Blectro-magnetic Operation. If the cathode
ray, after passing the diaphragm, pass into & magnetic
field of uniform strength and if the strength is uniform
for a distance of 10 om. and then the rays travel
another 20 cm. before they strike the screen, the dis-
placement is—

e BAfA ) B.10
=—- =2 = 1.77 7 (2 .
[} mq(2+L 1-772 x 10 ” (26) cm
If ¥ = 10,000V, velocity of electrons — 5-95 X 10°,
1772 x 107 X
and § = 595 X 10° B X 25 = 0-746B om.

or approximately 7-6 mm. for unit strength of magnetic
field. -

If we assume that the field B is produced by two
long coils (Fig. 69) one on each side of the tube and,
say, 12 om. long by 2-5 om. wide, then if placed 2-5 cm.
apart the field horizontal at the centre will be given
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by 0-32 4 » where 4 is the current in amperes and 7 =
the number of turns in each coil. If n = 1, that is
with a single turn, the value of B would be 0-32 with one
ampere and the deflestion would be about 2:5 mm.

If the current required to be studied were of the
order of 0-1 A, R.M.S., the number of turns would be
120 (this would give a deflection of 42:3 mm. on each

| ~12m, ==~
T- s

el )

-260m:=i

e

Fra. 80.—Dmm~sIoNs of Coms Propuome ELECTRO-
MAGNETIC FBLD IN TEE BRAUN TUBE CONSIDERED
™ tEE TEXT

gide of zero), and the value of the self induction would
be about 3 millihenries. At a frequency of 1000 this
would give a reactive voltage = 1-76 V ; at a frequency
of 10,000 the voltage required would be 17-5; and at
100,000 frequency the voltage would be 176 V. The
current sensitivity would be 1 mm. for about 0-003 A.

Case (b)—DElectrostatic Operation. To take an
example for the same oscillograph operating on the
electrostatic forces—

If the speed of the corpuscles be the same as before,
and if the eleotrostatic plates be 10 cm long and 1 cm.
apart, i.e.1=10,d = 1,and if I = 20 as before, then :
Displacement of spot under electrostatic field

E e A A
—o-5 L5z +9)
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where E, the voltage between the plates, is measured
in electrostatic units.

If E be measured in volts, V—

V 1 e 2 A)
"=3m:=m(“§-

If the voltage between cathode and anode = 10,000 V ;
v=05095X 109 o/m=6316x 107; A/d=10;

and (L + %) = 256. Therefore, § = V X 0124 or a

deflection of 1 om. for about 80 V or 3 om. for a maxi-
mum voltage of 240.

As the capacity of two parallel plates, say, 2 cm:
wide, 10 om. long, and 1 cm. apart is of the order of
20
4
3 % 10712 farads to allow for fringing and capaocity of
conneocting wires, eto., this would take a current equal
to 45 uA, at & R.M.S. voltage of 240 and a frequency
of 1000 per sec. That is an apparent power of 1-08
milliwatts. On the other hand, eleotro-magnetic opera-
tion takes (apart from the power spent in the resist-
ance of the coils) 0-1 A at 1-76 V when working at a
frequency of 1000 per sec., or 0-175 watts, which is
about 170 times the apparent power for electrostatic
working. From this it will be seen how much more
desirable it is to work the instrument with the eleotro-
static field when the power available is limited.

Upper Limit of Frequency. It has been claimed that
there is no upper limit to the frequency that can be
truly recorded by a cathode ray osoillograph, apart
from the diffioulty of obtaining a reliable record.

electrostatic units, or 2-22 x 1072 farads or, say,
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There is, however, an extreme upper limit depending
on the speed of the electrons.

Thus, as far as the author knows, the extreme upper
limit for a record of wave form is 220 X 10° cycles per
sec., shown by Dufour using & stream of electrons with
a velocity about 15 X 10° om. per sec., and with a
length of deflecting plate in the oscillograph about 8 em.

The length of time a given electron takes to pass
such a plate is 8/(16 X 10°) = 05 X 10 gec.; and
the period of & half-wave of frequency 220 X 108 cycles
per seo. is 1/(440 X 108) = 23 X 1079 sec.

Tf it were desired to study the wave form at this
extreme frequency, the half-wave of the fifth harmonio
Would have a period equal to the time of flight of the
electron past the plate, and its reduction in amplitude
or attenuation would be in the ratio 2 to = of what it
ought to be, since the electrons that enter between the
plates where the pressure is zero will have & force
inorensing sinusoidally to a maximum at the middle
of the plate and falling again to zero as they emerge,
go that the acceleration is that due to the average
value of the voltage and not that due to the maximum
value. It is certain, however, that over ranges up to
an absolute frequency of a million per seo., the magnifi-
oation or diminution of a wave is negligible.

Details of Construction and Operation. It will be
geen from the equations given on p. 130 that to increase
the sensitivity of the oathode ray oscillograph it is
necessary to diminish the speed of the moving electron ;
or to lengthen the duration of action of the field by
lengthening the plates ; or to increase the field strength
by bringing the plates oloser together.

If the oathods is cold it requires a fairly high initial

10—(5807)
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voltage to start a stream of cathode rays. The
voltage required depends on the distance apart of the .
electrodes, on the pressure of the residual gas in the
tube, and also on the intensity of spot required on the
screen or photographic plate. Generally speaking, the
pressure is never less than 10,000 V, and voltages up
to 60,000 are common.

As the velocity of the ray is proportional to the
square root of the propelling voltage V and as the
sensitivity of the oscillograph is inversely proportional
to the velocity for magnetic deflection, and inversely
proportional to the square of the velocity for electro-
static deflection, the oscillograph sensitivity is propor-
tional to 1/4/V in the magnetic, and to 1/V in the
electrostatio oage.

As the energy stored in each moving electron is
proportional to the square of the velocity, the energy
given up when it strikes the screen rises very rapidly
with the inorease of voltage. The screen S (Fig. 87)
is covered with fine willemite crystals, or calcium
tungstate, which fluoresce under the bombardment of
the ocathode rays, and thus. indicate the position of
the pencil rays or the “ spot.”

Johnson uses as the active material for the screen
equal parts of calcium tungstate and zinc silicate, both
specially prepared for fluorescence, with pure water
glass as binder. He finds that this produces a gener-
ally more useful soreen than either constituent alone.
The pure tungstate gives a deep blue light which is
about 30 times as active on the photographic plate as
the yellow green light of the silicate, while the silicate
gives & light which is many fimes bmghter visually
than that from the tungstate. By mixing the two a
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soreen is produced more than half as bright visually
ag pure silicate and more than half as active photo-
graphically as pure calcium tungstate.

To increase the sensitivity of the oscillograph it is
necessary to have a means of obtaining a stream of
electrons under a low voltage. Sir Joseph Thomson has
proposed a hot cathode of the same type as that used
by Coolidge in his X-ray tube to
produce free electrons. The cathode
is generally in the form of a flat spiral
surrounded by a cylindrical metallic |
sheath as shown in Fig. 70. This
spiral can be made of tungsten or  Fie. 70.—Srmar
“lime-coated platinum and is heated ¥o% Hor Carnovs
by passing a suitable ourrent through
it. The magnitude of the heating current is determined
by the intensity of the cathode-anode stream, and the
temperature must be such as to cause a sufficient supply
of electrons for this stream. The object of the metallic
sheath surrounding the heated spiral is to prevent
spreading of the cathode stream as it leaves the spiral
and to concentrate a larger portion of the stream on
the anode.

To obtain a fine spot on the soreen it is necessary to
adjust the value of the ourrent in the filament, the
voltage between the anode and cathode, and the
pressure of the residual gas in the tube.

The spot is much smaller and more intense if there is
a trace of gas left in the tube, a pressure of about
7555 mm. of mercury being an average value. The
value of the vacuum must, however, be governed by
the appearance of the spot which should be very small,
bright, and without blurs or halos. If the tube be made
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throughout of glass and all the connections hermetic-
ally sealed through the glass there is no ready means of -
altering the vacuum and, under working conditions,
there is a tendency for the gas pressure to diminish and
for the spot to become larger. It is preferable there-
fore, whenever possible, to have a connestion from the
tube to a suitable vacuum pump so that the vacuum
can be adjusted to give the best spot.

It is also necessary, as will be seen later, to have a
means of opening up the tube when it is desired to let
the spot produced by the cathode beam fall directly on
a photographic plate or film. In this case it is, of
course, necessary to re-evacuate the tube after it has
been opened to remove & record.

Alternative Forms of Records. When using the
sealed-up tube such as shown in Fig. 67 there is no
convenient method of allowing & plate or film to pass
close to the screen and in addition the actinic power of
the luminous spot is very small. It is necessary there-
fore, in order to obtain a record of the motion of the
spot, to have some means of causing a displacement of
the spot at right angles to the motion produced by the
electrostatio or magnetic field being studied.

Thus, if it were possible to use one pair of the
electrostatic plates to produce a field proportional to
voltage being studied, and if the second pair of plates

- had a voltage applied to them which increased
uniformly with time, then the curve produced on the
soreen would be a record of the voltage to be studied,
plotted to a uniform time bage. Similarly, if & mag-
netio field were arranged to produce a deflection of the
cathode beam at right angles to the deflection produced
by the voltage being studied, the record would be drawn
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to a uniform time base if the magnetic field inoreased
uniformly with time.

‘When one is dealing with records from low frequency
sources, say from a machine, it is quite easy to arrange
a potentiometer to revolve synchronously with the
wave to be examined and to supply either a current or
a pressure varying uniformly with time. If the spot
goes over the record time after time it produces a
steady image which can be viewed directly, or it can
be arranged to take a photograph of the trace by an
ordinary camera and, as long as the phenomenon being
studied is constant, the record on the screen will be
constant and the photograph can be taken with & time
exposure to suit the intensity of the spot on the screen.
There are, however, many cases in which the frequency
is too high or where no potentiometer is available, and
it is then necessary to obtain a means of recording the
curve.

In Fig. 67 when, say, an alternating potential is
applied between the plates P P, the spot will be dis-
placed up and down the screen as shown on the end
view of the soreen at (z). If now the coils C C carry
a ourrent of the same frequency as the supply to P P
there will be a periodic displacement along the
horizontal axis. As it is more convenient to have this
periodic displacement simple harmonic motion, the
current in the ooils €' C should be made as mnearly
ginusoidal as possible, and Fig. 71 shows an arrange-
ment by which this result can be obtained. In this
diagram P P represent the electrostatic plates of the
oscillograph, and CC the ooils which produce the
horizontal displacement. A condenser K, is placed
in parallel with CC to produce parallel resonance ;
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a oondenser K, is connected with & variable induo-
tance L to produce series resonance ; and a non-induc-
tive resistance R, is connected in series with L and K.
Then, when R, is small, the current in the series oir-
cuit is very nearly a pure sine wave owing to the high
impedance of L to all but the resonant frequency.
This ourrent is the resultant of the ourrents in ¢ C' and

E; ce. j_

FPE

L

e
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F16. 71.—ARRANGEMENT OF CIROUIT FOR OBTAINING
Smusomar Cureent 1N Coms 00

K, and, as these are in resonance, the series ourrent is
small compared with the current in C € and in K,.

The current in C' C is still more nearly sinusoidal
than the current in the series oircuit since the impedance
of the condenser K, varies inversely as the frequency
and the impedance of ¢ C' directly as the frequency,
and so the higher the harmonic, the greater the shunt-
ing effect of the condenser K4 on the coils C C.

When L and K, are practically resonating, con-
siderable changes in the phase of the currents can be
made by varying the value L.

The resistance R, is placed in cirouit to limit the
value of the current until the oircuits are adjusted.

The coils C'C produce a horizontal displacement
varying in simple harmonio motion, and the plates
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P P a vertical movement proportional to the voltage,
and since these motions differ practically 90 degrees in
phase, the resultant trace is a oircle or an ellipse when
the voltage to be tested is sinusoidel. If the voltage be
not sinusoidal an irregular curve will be drawn, per-
haps as shown in Fig. 72. Since the displacement

24

... " A AL

Fra. 72.—HYPOTHETIOAL RECORD OBTAINED WITH A
CaTEODE RAY OSOILLOGRAPE

The curve is plotted to rootangular co-ordinates with tims as base
in the right-hand disgram

along PQ is simple harmonic, equal arcs measured
round a oircle, drawn with B(= PQ/2), as radius, will
represent equal periods of time, and the projections of
these arcs on the line PQ will also represent equal
times.

Perpendioulars erected at these points to meet the
ourve at my mg Mg . . . will give the values of the
voltage at these equal time intervals, and if necessary
the ourve can then be redrawn to a uniform time base -
as ghown on the right in Fig. 72. The number of the
time intervals chosen should be greater, the more
irregular the ourve.
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In some cases the displacement of the ray in a
horizontal direction is not produced by & current or .
voltage that is in any simple relation to the vertioal
displacement, but as long as the horizontal displace-
ment is in simple harmonioc motion the record can
always be redrawn. In this case, however, gsince the
curve will not be retraced the exposure should pre-
ferably be short so as to record only one traverse of
the spot across the plate. ‘

Improved Cathode Ray Oscillographs. While the
cathode ray oscillograph, as devised by Braun, opened
up new fields of usefulness where oscillographs opera-
ting with mechanical systems even as light as a
stretched wire would be inoperative, it is no doubt*
due to the valuable work of Dufour that the cathode
ray oscillograph ocoupies its present unique position.
As already mentioned, Dufour has, by means of
improved technique and very elaborate apparatus,
obtained photographic records of frequencies as high
as 220,000,000 per sec. with & single trace, whereas a
few years ago records of a million per sec. under such
conditions would have been considered wonderful.
This great improvement has been due to his recogni-
tion of the fact that, to work at high frequencies and
obtain photographio records with a single trace over
the plate, it is necessary that : (1) the cathode ray
should fall direotly on the plate ; (2) there should be
& small amount of residual gas in the tube, (for the
reason explained on p. 166); (3) at the extremely
high frequencies it is 1 y to lerate the
cathode stream by & very high voltage even up to
60,000 V.

Once it is recognized that the problem must be




The Ca‘thode Ray Oscillograph 141

faced of opening the tube to admit or withdraw a
photographic plate, great modifications of Braun’s
original model become desirable.

As & pump must be provided capable of producing
a high vaouum it is no longer necessary to have the
joints in the apparatus hermetically sealed but a
ground-in metal to metal joint sealed with grease is
allowable, and it is possible to use metal instead of
glass for a great portion of the ‘ tube.”

The Dufour Cathode Ray Oscillograph. Fig. 73
shows the cathode oscillograph as developed by Dufour.
The lower portion of the apparatus is metallic and
serves to contain the phosphorescent screen and the
dhotographic apparatus. The part v is the inter-
mediate portion of the apparatus and is where the
eleotrostatic plates or the magnetic field is applied to
the cathode stream. The upper portion, d, is the
tube proper and contains at the upper end the cathode
e and at the lower end a fine pin-hole tube f which
acts a8 the anode and is connected to the metallic bell
a forming the lower portion of the apparatus. The
air-tight door b gives admission to the lower portion
of the * tube,” and allows the photographic plates and
films to be taken in or out. The connection to the air
pump is made at m.

Both v and d are made of glass and are arranged to
fit into each and form an airtight joint. The tube v
also fits into a coned hole in @. The tube v could be
of metal if it were only required for internal electro-
static deflecting plates, but not if it is required to use
it with external eleotrostatio plates or with a magnetic
field. A conducting tube of any kind would be inad-
missible for external plates and would be inadmissible
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at a frequency of, say, 50 oyales per sec. for an alter-
- nating magnetic field owing to the eddy currents
produced.

When a glass tube is used with external plates the
results are not so reliable as with internal plates, because
the distribution of potential is not definite if the residual

E F @

Fre¢. 74.—AvTeRNATIVE FoRMs oF Tusms To Sulr
DIFFERENT ARRANGEMENTS OF DEFLEOTING PLATES,
HTO., IN THE DUFOUR OBOILLOGRAPH

gas in the interior becomes ionized by the cathode
stream. There will also be dielectric hysteresis and
fatigue in the glass which will produce a distortion of
the curve and also a displacement of phase. It is
often oonvenient, however, to be able to use external
plates or an external pair of deflecting coils at will.
The tube » as shown in Fig. 73 is used normally
only with deflecting coils, and is replaced by the tube
C (Fig. 74) when it is required to employ an electro-
static field, or by tube D when it is required to employ
two electrostatic fields at right angles. The double
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tubes &, F', and G are arranged to enable simultaneous
records to be obtained of two currents, or of a pressure
and a ourrent or of two pressures. The rays have to be
made parallel to each by small electro-magnets operating
where the two branches join the main tube.

In Fig. 73 is shown the arrangement Dufour employs
to turn the photographic drum inside the vessel a.
An internal shaft m, which can engage the drum g
by means of the crank I, is driven through a positive
magnetic clutch p from the outside shaft ¢. The lines
of force from the magnet pass through a thin glass
cap ¢ which fits on to the extension of the vessel a.

The linear speed of the film on the drum can be ma,de'
some 500 cm. per sec. and this is the arrangement used’
up to frequencies of the order of 8000, but for the
higher of these frequencies their presence only is
indicated and not their exact shape.

Dufour also has a high tension switoh arranged to
operate synchronously with the rotation of the outside
shaft g. This is arranged to insure that the cathode
ray will only be in action during one revolution of the
drum, thus preventing fogging of the plates.

Fig. 75 shows a record obtained in this way, and is
a trace of the current in the primary of an induction
coil working in conjunction with & Wehnelt break.

When records of very high frequencies have to be
obtained the speed of the drum is relatively so slow
that no advantage is obtained by its use; plates are
therefore used instead. It is then necessary to employ
an auxiliary high frequency sinusoidal current, not
necessarily or desirably of such high frequency as the
source being investigated. This auxiliary ocurrent
causes the cathode spot to traverse the plate on one
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axis, while the source being investigated ocauses the
spot to traverse the plate on the other axis. The
traverse due to the current being investigated is kept
small compared with the auxiliary traverse.

If the auxiliary traverse be produced by a magnetic
field due to, say, the current from a singing arc, and if

SRS i 3

F16. 75.—REOORD OF TER OURRENT IN THE PRIMARY OF AN
INDUOTION Corn (WrTH WHENELT INTERRUPTER) OBTAINED
BY MrANS oF A DUFoUR OSCILLOGRAPH

there be an auxiliary field at right angles to this pro-
duced by the application of & constant E.M.F. to the
terminals of & coil, this second coil produces & trail or
drift of the spot across the plate in the same axis
as the source of E.M.F. being investigated, but at a
rate slow compared with the movement of the spot due
to the auxiliary source. '

A curve obtained in this way is shown in Fig. 76.
The traverse of the spot on the y axis is about 5 times
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as great as the traverse in the z axis, and the drift on
the z axis during & complete cyole of the auxiliary .
field is about equal to the traverse of the source being
investigated. :

€

-y Yy

F16. 76.—RuOORD OF PRESSUBR VARIATIONS IN A SINGING
ARO OBTAINED WITE A DUFOUR OSOMLLOGRAPH

This partioular record (Fig. 76) is of the pressure
variations of a singing arc. The auxiliary osoilla-
tions in the axis y are of a frequency of 10,000 per sec.,
the main oscillations in the z axis are of a frequency
of about 240,000 per sec., and the high frequency
osoillations superimposed on the main oscillations are
of the order of 5,000,000 per sec.
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It is sufficient to say that Dufour has achieved, as
already mentioned, records up to & frequency of
220,000,000 per sec., but the records of these fre-
quencies do not lend themselves so well for reproduc-
tion purposes. At such extreme frequenocies the spot
produced on the plate by the cathode ray moves at a
rate of 800 to 800 kilometres per sec.

Hot Cathode Ray Oscillographs. Some crystals,
such as tourmaline, have the property of giving an
electrio charge or quantity of electrioity when sub-
jected to mechanical pressure between two faces.
This charge changes in sign when the pressure becomes
Jnegative, ie. for a suction. The rise in electrical
pressure due to the charge will, of course, depend on
the capacity of the apparatus connected to the crystal
and, as long as the capacity of the apparatus remains
constant, the rise of electrical pressure is proportional
to the rise of mechanical pressure.

This piezo electric effect gives a very valuable aid
to the study of extremely high and rapidly varying
mechanical pressures, and it has been so used by Sir
Joseph Thomson, in conjunction with the cathode ray
osoillograph, to study the rapid rise of pressure pro-
duced by explosions. To make the oscillograph more
sensitive and to accelerate the electrons with a smaller
voltage, Thomson used the hot cathode as already
described. Dr. Keys, who oollaborated with him,
obtained in this way records of the pressure waves
produced in water by the detonation of charges of
gunootton end T.N.T.

The hot-cathode oscillograph as devised by Thomson
and Keys was improved further in detail by Dr. A. B.
Wood and it will be sufficient to illustrate the later
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instrument as representative of its class. Fig. 77 is a
oross section showing the construction of the oscillo- -
graph designed by Dr. Wood and is self-explanatory to
a large extent. It is a cathode ray oscillograph which
has to be opened up to withdraw and insert the photo-
graphic plates and therefore is used in conjunction
with an air pump. Near the top is & glass bulb con-
taining both the ocathode and the anode, which are
comparatively olose together as the instrument is
designed for a working pressure of about 3000 V.

The electro-magnet, the poles of which embrace the
tube, is used to produce the time-displacement of the
cathode spot on the plate. This magnet is not used
for the measurement of the electric current flowing
as the eddy currents and hysteresis in the iron would
introduce uncertainty, and so would the eddy currents
in the brass tube iteelf. The measurements made are
those due to the electrostatic forces and two pairs of
plates at right angles are shown.

The records are obtained on photographic plates
mounted on the six sides of the hexagonal plate holder
shown at the bottom of the apparatus. This plate
holder can be removed from the oscillograph when six
records have been made.

The type of plate used is very important when one
is dealing with cathode rays operating under low
voltages, for the energy stored in the electron varies
directly as the voltage ; thus at a voltage of 3000 the
energy will be one-twentieth of that at 60,000 V. To
enable ordinary plates to be used sucoessfully it is
necessary to sprinkle them with a thin layer of calcium
tungstate, but a better plan is to use Schumann plates
which are specially prepared to have a minimum
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quantity of gelatine in the film. This e of plate
allows mors of the electrons to impinge diractly on the
silver granules and, as a result, a speed of spot relative
to plate of 1000 metres per sec. is possible as compared
with a speed of about 50 metres per sec. for ordinary
golatine plates. This compares with a speed of 800,000
to 900,000 metres per sec. claimed by Dufour for his
oscillograph using a propelling pressure of 60,000 V.

It is evident therefore that if the results as regards
olearness and arrangement were comparable, increasing
" the voltage twenty times would enable the relative
velocity of spot and plate to be inoreased some 800
times ; in other words as the voltage on the oscillo-,
graph is raised the photographic effects increase more
rapidly than the energy stored in the electron. This is
very fortunate as it enables records to be obtained
at very high frequency as long as the propelling voltage
of the rays is high.

Characteristics of the Hot-Cathode Ray Oscillograph.
The first essential test that it is necessary to apply to
any oscillograph concerns its performance when &
sudden change of voltage is applied to it. The record
reproduced in Fig. 78(a) was obtained by suddenly
applying 40V to the electrostatic plates of a hot-
cathode ray oscillograph when the spot was being
trailed across the plate at a speed of about 5000 cm.
per sec. As far as one is able to judge the change
from one value to the other is absolutely instantaneous
and there is n6 overshoot. Actually, there must be an
extremely slight rounding of the ourve owing to the
finite speed of the electrons and there must be an
overshoot if the electrostatic plates are connected to
the source by leads having induction and comparatively

-
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low resistance. The first effect is so small that it
would not appear, except at extremely high speed
of spot relative to plate, the second effect is shown
actually present in Fig. 76 given by Dufour.

It can be said, however, that even the slow speed
electrons produced by voltages as low as 100 V would
give records accurate up to frequencies as high as
1,000,000 per sec.

The curves shown in Fig. 78(b) and (c) are records of
frequencies of the order of 16,000 per sec. and 45,000
per sec. respectively. All the records in Fig. 78 were
kindly given the author, by Dr. Wood, and illustrate
very well the clearness of the records obtained.

To obtain the time-variation of the spot across the
plate Dr. Wood generally uses the electro magnet
mentioned above (sece Fig. 77), and places in series
with it, a high inductance. If a constant E.M.F. be
applied to this cireuit, the rate of change of current,
multiplied by the total self-induction of the circuit,
must be equal to the applied E.M.F. just at the moment
of switching on. It remains at approximately this
value for & time equal to, say, a quarter of the time-
constant of the circuit; if therefore, L/E be made
large, the rate of change of ourrent can be made con-
stant for an appreciable time, and the spot can be
trailed across the plate at a practically constant speed.
To increase the speed of the spot it is only necessary
to increase the applied E.M.F.

A gimilar result is attained if a condenser K be con-
nected in parallel with one pair of electrostatic deflect-
ing plates and the combination be charged through a
resistance from a voltage V. The initial rate of rise
of the voltage across the plates is V/KR and, as it is
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easy to make R large, the time constant KR can be
made as long as necessary so that the rate of change of
voltage remains practically constant over a considerable

period, the actual rate of rise
being varied by varying the
applied voltage.

It is neoessary, with this
arrangement, to have a means
of producing synchronism be-
tween the trailing of the spot
across the soreen and the occur-
rence of transient phenomena
such as the record of the sudden
switching-on of a voltage, as
shown in Fig. 78(a). This is
not difficult to arrange except
at extreme speeds of travel of
the spot relative to the plate.

Johnson Low-Voltage Cathode
Ray Oscillograph. A new type
of low-voltage cathode ray
oscillograph has been developed
by Johnson for the Western
Eleotric Co. as shown in Fig. 79.
It employs a closed glass tube,
and, as in the original Braun
tube, the record is made on a
fluorescent screen and a photo-

s

Fia. 79.—JomNsoN Low-
Vorraee CATHODE Rav
OSCILLOGRAPH

graph is taken of this trace which must remain steady
for some seconds to allow for a time exposure with an

ordinary camera.

The distinguishing features of this oscillograph
are : (1) the low voltage, about 300 V, under which



154 Oscillographs )

the electrons are propelled from the oathode
anode ; (2) the closeness of the anode to the cg,
(3) the minute dimensions of these electrodes ;
small amount of residual gas that can be
between the eleg
To achieve (
electrodes are
into a small glag
within the maj:
and the volume,
dual gas prese
tween the electr
not more than 1 ¢
All paths betiwe
electrodes are sg
and the pressure
.z low that there a
I enough ions pres
7" allow an arc to sf
(b) Fig. 80(a) shor
electrode unit w)
fa) mounted complet

F‘Ig. 80.—EIE§OTBODE UN;T (a) anp two sets of def]

'ATEODE (b), OF THE JOHNSON

CatEODE RAY OSCILLOGRAPR plates P at one .
the glass tube.

anode 4 i§ a platinum tube 1cm. long by

diameter and, as shown in the figure, this tube

up almost to & soreen S which is placed betwe
cathode F' and the anode A. The screen S
aperture at the centre, and is connected to the oa
which is an oxide-coated platinum ribbon of the
shown in Fig. 80(b). The particular shape ¢
cathode is to protect it from the bombardment
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ions (positive) which pass through the aperture in the
soreen. '

The cathode is heated by means of & current through
it, and serves to provide a supply of free electrons.
Those that pass near the aperture in the soreen are
drawn through by the strong electrostatio field between
the anode and the screen, and are discharged in large
part down the anode tube. Those of the electrons
which have a flight along the axis of the tube emerge
as a beam into the large tube and pass between the
two pairs of plates.

The deflecting plates are of German silver to mini-
mize eddy currents when a magnetic field is employed
to produce the deflection.

Focusing in Cathode Ray Oscillographs. As the
propelling voltage is low in the Johnson oscillograph,
the velooity of the electrons is low compared with the
values considered in the earlier parts of this chapter.
There is, therefore, time for the electrostatic repulsion
between the electrons to cause dispersal, and this would
be serious except that it is possible to use the foousing
due to the presence of residual gas in the tube. The
lower the velocity of the electrons in the tube, the
greater the amount of residual gas required, and, in the
Johnson oscillograph & gas pressure of a few thousandths
of a millimetre of meroury is used.

The use of residual gas was suggested by Dr. H. J.
van der Bijl.

The foousing action of the residual gas can easily
be explained and the same explanation applies also
to the trace of gas left in the tube used by Dufour.

The number of electrons passing per sec. in a
beam between the deflecting plates of a cathode ray



156 Oscillographs

osoillograph varies with the current flowing between, the
electrodes, and in the Johnson oscillograph it mighy
be some 10¢electrons. The velocity of the electrong is
about 10° om. per seo., and therefore every centimetype
measured along the beam contains about 105 OIBOtronS
in flight.

Initially, this number would be concentrated ip a
beam of about 1 mm. diameter.

A number of these eleotrons in their flight ~wjyy
impinge on moleoules of the residual ges and produce
ionization, ie. the molecule is broken up and the
electron released. The release of the electron (°myi-ug
the negative charge) from the neutral molecule leaveg
the ion (carrying & positive charge), but the velocitieg *
of the original electron and of the displaced electromn
are high and they leave the path of the beam at g,
very high speed while the relatively heavy and slow
ion leaves the beam at a slow speed.

There will therefore be along the beam an excess
of positive ions over negative ions, and this means
that the rays are drawn in towards the axis of the
beam.

At first sight it might appear strange that any con-
siderable percentage of the electrons could pass through
the residual gas without coming into collision with
the molecules.

At a pressure of 0-001 mm. of mercury the number
of molecules present in the gas is still of the order of
3 X 10" per cu. om., and if the length of path in the
oscillograph be 30 cm., the number in the path of the
ray (assumed to be 1sq. mm. in cross section) would
be roughly 10'® molecules. The area of the shadows
oast by the molecules (if one could assume & molecule
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to cast a shadow) would be more than the square
+ millimetre which is the cross section of the beam and this
would be so even when allowance was made for the
attenuation of the gas in the beam due to the bom-
bardment: The molecules are, however, in com-
paratively rapid motion or vibration and are not
unjformly spaced 8o as to cut off the whole of the ray.

° [} ] ] -] ]

o-rao-

° [} ] ] <] o

AR [} ° <] °
Longitudinal Section. Cross Section.

Fra. 81.—DIAGRAMMATIOC REPRESENTATION OF ELECTRONS
PASSING THROUGH RAREFIED GAS (NOT To BoALE)

They are like so many shutters whioh, if placed edge
to edge, could cut off the whole of a light source, but
if allowed to oscillate past each other will allow light
to pass.

The condition of affairs for a particular moment
might be illustrated by Fig. 81, in which the large
dots are supposed to represent molecules and the
small dots electrons. The free space around a mole-
cule may be of the order of a million times as great as
the volume of the molecule itself, while the size of the
electron is, in its turn, very small compared with the
molecule. The number of electrons in & length of
1 cm. of the beam may be of the order of 10° and
these are travelling down the beam with a velooity of
about 10° cm. per sec.

If we imagine the ionized molecules (positively
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charged) to be uniformly distributed down the beam
and over its cross section then the resultant charge
oould be represented, as far as its effect. on other outside
charges is concerned, by concentrating this charge along
the axis of the beam, i.e. at its centre of gravity. Ina
similar weay, the force due to the uniformly distributed
electrons (negatively charged) could be considered to
be due to these electrons concentrated along the axis.

The ézree on any individual electron on the boundary
of the Yeam is towards the axis or away from the axis,
depending on whether there is an excess of 1ons or of
eleatrons,

For an electron inside the beam, at a distance R,
from the axis, the force is R,/R,, of that at the boundary,
and will act in the same direction as the force at the
boundary if the distribution of electrons and ions is
uniform.

If the numbers of electrons and ions are equal, there
will be no force on the moving electrons, and the beam:
will only spread due to any initial divergence it may
have. If the angle of divergence be known, then the
number of free ions required per cm. length to turn
the outaide electrons and bring them to a focus at the
screen can be estimated.

In any case, increasing the current increases the total
ionization and the inward pull on the electrons and so
brings the beam more quickly to a focus.

A characteristic of this and indeed of all oathode
ray oscillographs is the conductivity between the
deflecting plates, due to the ionization of the residual
gas. This conductivity is not constant, but varies
with the direction and magnitude of applied voltage ;
it is therefore not possible to use a series condenser to
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reduce the voltage applied to the instrument as this

° would produce appreciable distortion except when the
frequency was very high. The conductivity between
the plates depends on the number of free ions between
them and will therefore increase with the size of the
plates and their distance apart, provided that the
cathode ray has been passing in the tube for some
time before the deflecting voltage is applied to the
plates. It will also increase with the pressure of the

. gas, if the cathode ray remain constant, as the number
of collisigns between electrons and molecules will
increase, and so increase the number of free ions.

» The current passing between the plates cannot he
greater than that required to carry the free negative
ions to the positive plate and the free positive ions to the
negative plate as fast as they are produced by the bom-
bardment. The current will therefore not increase
proportionally to the voltage but, after a certain
voltage is reached, will remain constant. This our-
rent is called the saturation current and will only start
to increase again when the voltage between the deflect-
ing plates is raised to such a point that it can produce
ionization on its own account.
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