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Sixteen years asgo Professor Harris J. Ryan began
to look for a feasable electrostatic power diagram in-
dicator. This search resulted: first, in 2 cathode
ray alternating ocurrent wave indicator; and second, in &
power diagram indicator for high-tension c¢irecuits, salso
using the cathode ray tube. These were presented to
the electrical fraternity in 1903 and 1911 respectively.

Its commereial value has since been recognized
by the electrical industrys the most notable example'
of this is the active study snd use of it in the Gen-
eral Electric Research Laboratories. It has become
an essential instrument for any laboratory in which

electrical research is conducted.

The cathode ray alternating current wave indicator.
represents the only available means for studying: first,
transcient phenomena in transmission lines and electrical
machinery due to switching or to short eirouits; second,
lightning disturﬁanaes involving frequencies of hundreds
of thousands of cycles per secondj; and third, commutation
problems in direct current machinery involving frequencies

that vary between 800 and 8000 cycles per second.

The cathode ray power diegram indicator represents
the best available means for studying the insulator
problem, which is one of the most important problems con=-
fronting the Electrical Engineexr today. It will measure

losses in lines, cables, oils and other insulators with
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the exceptional accuracy of 0.03 watts at 10,000 volts
and with an almost absolute sensitiveness to the wave

forms involved.

The accompanying diasgram shows the construction and
dimensions of the ceathode ray tube. A direet current
potential of about 25000 volts applied between C and A,
with C negative, causes a stream of negative electrical
particles or electrons to travel at the rate of
50 x 108 em. per sec. from the cathode C down the
slender portion of the tube. Part of these elesctrons
are intercepted by the disec, T, and part pass through
the hole in this dise, continue in & straight line, strike
the fluorescent sereen, S, and cause & luminous spot to
appear upon the screen. This stream of electrons 1s
composed of negative electric charges and may therefore
be deflected electrostatically. This stream of electric
charges constitutes, in reality, en electric current and
may therefore be deflected electromagnetically. These
two facts form the fundamental faets upon which the
practicsl application of the cathode ray tube is based.

It is interesting to note that we have here a pointer

without apprecisble inertia.



The design of the power diagram indicator, in
the form of problems, will be taken up first. A
supplementary design for the oscillograph will be added

thereto.

Problem one. Teflect the pencil of rays, which
passes through the hols in D, proportional to the line
voltage of 10000 volts or over.

' The adopted solution for this problem is electro-
static deflection since it embodies three desirable
qualities -~ acocuracy, facility in manipulation, and
ease of construction -~ only one of whieh can be

obtained electromegnetically.

The accuracy of this method depends upon there
being no lateral displacement of the pencil of rays,
while under the influence of the electrostatic field.
This is true because the presence of the glass tube
practically eliminates the possibility of a uniform
electrostatic field. If the ray occupies the same po-
sition in the field at all times the defleotion will
be accurately proportional to the‘voltage. Therefore
electrostatic plates one centimeter lomg will be used

to influence the rays precedent to any other influence.

Based upon Franklin and MeNutt, Electricity and
Magnetism, the following are calculations to determine
the voltage necessary on the electrostatic deflecting
plates.



The path of defleotion is a parabola expressed by

the equation "

2mv?

"

distance deflected by the field.

distance along path under the eleotrical influence.

ratio of charge to mass of the eleetron = 1800 x 10%

volts per centimeter in the electrostatic field.

4 o B 9 =
"

"

veloeity of the electron = 50 x 108 maximum in

cathode ray tubes.
Differentiating
44 _ 2Dge _ Dge _ 1 x 1800 x 10% x o
a0 " 2mv® T mv® 502 x 1016

From the dimensions of the tube it will be seen that when

this differentisl reaches the value

405 - 0,188
2 x 16

the deflection will be sufficient to strike the edge of
the screen. Hence

o = 0:158 x 2500 x 1016 | 5 25 5 1011 abvolts:per em.
1 x 1800 x 104

= 2320 volts per cnm.

Distance between plates is 1.5 inches.

The voltage between plates will therefore be
1.6 x 2.54 x 2320 = 8850 max or 6250 eff. sine wave

volts.

This method of deflection is easiest to operate in



this case beceuse electrostatic voltage trasnsformation
is easier than any other transformetion when the voltages

sre as high as these in question.

Its ease of construetion over that of electromagnetic

coils is evident.

Problem two. Deflect the pensil of rays at right angles
to and subsequent to the above deflection and proportionsl
to the current of .000005 effeative-sine-wave amperes or
more. This current is of the order encountered in in-

sulator testing.

Electromagnetic deflection is the only solution
for this problem, since the electrostatic deflesction is
eliminated for the reason previously given and the elestro~

magnetic field is not distorted by the presence of glass.

Coils for this purpose may be 11 em. outside dia-
neter end six centimeters inside dismeter without ser-
iously affecting the accurscy of the electrostatic
deflection.

Based upon Electricity and Megnetism by Franklin
and MoNutt, the foliowing caleulstions determine the
number of gauses needed for full deflection of the

cathode ray pencil,

Diameter of the screen, 4.75 inches.

Distance from point of deflection to soreen is 12 in.



The rays are deflested in & circular path expressed

by the formula

In which h = geuses

and other notation is the same as in the electro-

static formuala.

Differentiating with respesct to D

d4a _Dgh _ 6 x 1800 x 104 xn
dp mv 50 x 108

since 6 cm. is assumed to be the effective diameter of the
00110

From the dimensions of the tube it is evident that
when this reaches —=275_ . 0.198 the ray pencil will strike

2 x 12
the edge of the sercen.

Hence the maximum flux will be

n=50x 109 x 0,198 - g, gauses.
6 x 1800 x 10%

From Electricity and Magnetism by Frenklin and MoFutt
the nunmber of turns necessary may be calculated by the

following formule
n = 2021

”

in which h = gauses.

Z = turns
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ebamperes

r = radivs in centimeters.

9.2 = 2 % x 4000006 x VZ x 10~
3

7 292X 3 X 10 - 52000 turns. Use 60000 turns.
2z 00000707

Construet twelve coils esch containing 6000 turms.
Thig will give a large renge of series, parallel, &and
series parallel combinations so that a good deflection

may be obteined for a lesrge range of currents.

Problem three., Eliminate the possibility of stray
electrostatic or electromagnetic flelds influencing the

pencil or rays.

This may be easily solved by surrounding that por-
. tion of the tube with s ferrous metallic sheath,

Problem four. Arrange for the most satisfasctory

operation of the cathode ray tube.

First in inportence is to produce & unidirectional electro-
magnetic field whose intensiﬁy is varisble at will and
whose axis is coincident with that of the cathode rey
tube. Its purpose is to focus the eathode rays upon the
dise, D, with the result that the cathode ray pencil is

the most intense possible arnd consequently the luminous

spot is the brightest possible. The bright spot is



especially desirable for photogravhic work.

The setion of this field may be explainéd as followéx

Due to mutual repulsion the electrons of the aathode dig-
charge tend to diverge, but any motion of an electron
radial to the axis of the tube is st right angles to the
eleatromagnetic field, . The result is a force which

starts the electron in a spiral path. The circular
component of this spiral path also cuts the electro-
magnetic field at right angles, which results in a force
upon the electron forcing it towards the axis of the

tube i.c4, bringing it to a focus.

Both the strength of the field snd the location of
the 60il to produce it have been determined experimentally.
A coil having 2500 ampere turns snd located in the plane
of the cathede gives the best results. Its diameter should

be about 7 inches.

Explore for the most satisfastory wire to use by

trying severalvsizes'

#18 B.& S. wire requires 45 volts when carrying
5 emperes at 65° C. This voltage is too low for con~

sideration.

#20 Bu& S. wire requires 66 volts when carrying
3.15 amperes at 659 C. This voltage is within usable
limits. Its weight should be 5.8 pounds.

#21 Be& S. wire requires 83 volte when carrying



2.5 smperes at 65%9 C.  This voltage is usable. The

weight of wire would be 5.2 pnounds.

#22 Bs&k S. wire requires 104.5 volts when carrying
1,98 amperes at 650 C. This voltasge is near the upper
limit but is usgsble. T™he weight of wire would be

5.87 pounds.

Since #20 B.& S. wire gives the minimum weight and
the voltage can easily be reduced to 66 volts by a series

rheostat, this size wire was used.

The mounting of this coil requires special attention
since the field it produces is combined with that of the
earth to produce a resultant field. To secure easy
ad justment to compensate for the earth's affect the coil

should be pivoted upon two perpendicular axes. '

Second in importance is %o minimize the effeot of
the elesstrostatic field resulting from the high voltage

direet current necessary to excite the c¢athode ray tube.

To do this the exciting voltage will be brought
to the cathode ray tube by an armored cable, the center
condustor being uced for the negative and the grounded
armor being used for the positive. - The fileld is thus
limited to the space between the center conductor and

its armor.

Third in importance is to insure the cathode ray

tube against damege from flash overs by interposing
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100,000 ohms resistance between the cathode of the csthode
ray tube and the negative conductor of the cable. The
most satisfactory resistances for this purpose are light-
ning arrester resistance rods. Water in & tube may be
used if proper preceutions are taken to allow gasses to

escape.

Fourth in imporicmee is to prevent corona dis-~
charge between the two terminals of the cathode ray
tube and thus elininate the consequent intermittant

asction of the cathode rays.

Two methods are combined to accomplish this. The
radius of curvature of the terminals is ineressed; and
that end of the tube, including the terminsls, is covered

with & thick jacket of paraffin wax.

Problem five. Provision must be made for recording
the indications on the screcn, S. There should be two
ways poseciblej vhotogrephic recording and recording by
hand tracing. Visual observetion should be possible at
all times so that rapidly chenging indications may be

watched and photographed at the oritical moment,

A lens placed coaxial with the cathode ray tube, as
shown in the disgram, is used to turow an image of the
figure on the soreen, S, upon & photographic plate or

Film.

A concave mirror placed next to the lems, as shown
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in the disgram, 1s used to throw an image of the figure
on the sereen, upon & ground glass where the figure may

be observed and tracings mades

A conve:aion of the power-disgram indicator to an
'oscillograph, for either voltage dr eurrent, presents Jjust
one problem. Some method must be employed to defleaet the
cathode~ray pencil accordiog to some knowa law sand at

right aengles to eithey the current or the volitege,

Investigation re#ealed & unique, flexible, dependable
and direct method of solving this problem. The cathode~
ray pencil is given a harmonic motion by & perfect sine
wave curve passing through deflecting coils which may be

revolved and set at sny engle on the cathode-ray tube.

The unique part of the method lies in the combination
of reasctances and condensers to obtain the required sine
waves This combination is shown in the following ceireuit

scheme.

The explanation of the circuit is as follows: In
the first place the voltage across the inductance L'
must be a large part of the voltage of the line between
XY inorder to reduce the error of assuming the voltage
wave form seross I' similar to that across ¥X. It is a
known feet that the third harmonie rarely exceeds 33 1/3%
of the fundsmental. Also it is a known fact that a re-
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actance coil offers three times the resistance to the

flow of the triple harmonic current that it does to the
fundamental. This results in & reduetion of the triple
harmonie current thru L' to 1l1% of the fundamental; sim-
ilarly the higher harmonics are reduced to a'greater de~
gree. This current, upon entering the resonant circuit,
sets up an oscilating locel current which is limited only
by the power sbsgorbed in the condenser and in fhe reactance
L', By proper design this oscillating currentlis limited
to about b6 times the resultent ceurrent thru L's  The re-
sult of this current multiplying effect, which is merely
the superimposition of & large nure harmonie current upon

& smell non-sinusoidal current, is to effect a reduction

of the triple harmonic to 11/5 or 2.2% of the new fund-
ementale. But the triple harmonie current pessing through
the indvetence L'' passes the condenser with three times
the facility of the fundamentel and vasses the reactance
with three times the difficulty of the fundamental, there-
by effecting a final further reduction of the triple harmonie
current in IL'' to 2,2/9% or .24% of the fundamental in

that circuit.

The sine wave thus obtained is sufficiently accurate

for &ll purposes.

A design of e satisfactory set of condeunsers and
reactances will be considered next. Since the whole set
depends upon sn original assumption, four asswaptions will

be made and the four resulting designs carried in parallel.
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The design will be used which proves t0 be the cheapest

when the material

The four des

is purchosed.

igns will be desigunated as.a. by G4

and d.
To begin the celculation of the sets of condensers
éna reactances assume
a - 10 m«fs condenser capacity;
b - 15 m.f. condenser capacity.
¢ - 5 mef. condenser capacity.
d - 3 m.f. condenser capacity.

The condenser current at B0 cycles using telephone

condensers st 280

8- I
b - I
.- I,
a- I,

effective volts is

= 280wl = 280 x 314 x 00001 = .B8 smp.
= 280 x 314 x 000015 = 1.32 amp.
= 280 x 314 x .000005 = +44 amp.
= 280 x 314 x 000003 = «264 amp.

Expressing this current by complex guantities,

assuming & power factor of (.02 for the condensers, we have

a - I
b~ I,
¢~ I,
a- I,

The current

wore than

8 -

= 0.0176 + j0.88
0.0264~+ j1le32

"

4]

0.0088 + jO.44
0.00628 + jO.264

1]

e

through the reactance L' must not ve

ILI = 00176 amp
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b = Ips = 0,224 anmp.
0.088 amp.

e - IL'
d - IL; - 000528 E}rﬁp. ‘

From bulletin #5653, University of Illinois, the number
of feet of the proper sized wire for L'' was found to ve
& - 4800 £t. #20 B.& S. d.0.0.
b =~ 4000 f£t. #18 B.& 5. dsce0.
6300 £t.

Q
]
T

88 Buk Se doeocn.
d - 8600 ft. 4‘25 Be&k S¢ GeCeCGo

This wire would weigh
& = 1548 pounds.
b = 21.0 pounds.
¢ =~ 13.3 pounds.

d - 14.5 nounds.

At some point account must be taken of the faet that
this resonant elrcuit must be capsble of being tuned for
frequencies of 60 eycles and higher. This quality may
be obtained most essily by the proper construction of the
induetance coil, L''s Sueh construetion will be counsider-

ad here.

If the eoils are wouad according to the dimensions
given in the bulletin {53, referred to above, but consist
of two sepsrste concentric parts, one of which may be
revolved about an axis nerpendicular to their common axis,

the resultant inductence may be reduced and the curcuit
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tuned for higher frequencies.

The design of the inductence coil, L', remains to be
considered. The voltage of 280 across the resonant circuit
will be at practically right angles to that asross the in-
ductance L'. 1In order to have the voltege across L' a large
part of the total voltage, which is & necessity, and also
use a standard voltage for convenience, a voliage of 340

is used across L' which gives a total voliage of 440,

From the bulletin #53 referred to it is found that
the wire needed for this coil will be:
8 -~ 10000 £t. or E.62 1bs. #28 Be& S« decace
b - 1900 £t. or 1466 1bs. #26 Bek S. d.c.c.

s
o
Lie}

G = 14000 £t. or t.4 lbs,. Bedk Ss decac,

d& - 20000 £t. or 7.44 1lbs. #

he
<>
O

Bo& S. d¢0.0.

To summarize, the bllls of meterial are, for the sets
g - 10 ml.f.
1548 1b8. £20 Be& Se 3+GeG.
B5.621b8. #28 Be& Se &eC.C.

b - 15 mafe
21 1bs. #18 B

R
Se Gelelo

o3
)
e

1.66 lbs /26

¥
&

Se deceC,

C - 5 mef,
12.3 1bs. \,22 Ba&k S5 GdeCaCoa
Ced lus. ,’,4'29 Bak SuedeaCeCa
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d - 5.m-fo
1445 1bs. #2% Be& S. d4C.C.
7.44 1bs. 730 Bal& 8. @eCeGo

CONSTRUGTION DETAITLS.

A frame of oek was constructed aecording to the dia-
gram with such medificetions as were advisable during the
work. A broad stezble base of box construetion provides
room for the suxiliiary resonant circuit and serves also
a8 & photographic box. Two uprights serve tq support
the cathode-ray tube and its supnlementary apperatus

in their correct relative positions.

A piece of 6 inch o. d. well casing was bored out
and used; primarily, for the ferrous metallie sheath,
and secondarily, to carry the weight of the cathode-ray
tube.

Preparatory to construeting the current-deflecting
coils the probable voltages to be dealt with were invest-

igeted.

From bulletin #53 of the University of Illinois the
inductance of one unit of six coils in series is approx-
imately 1.5 henries. ; At BO cyeles this pives & reactance
of 470 ohms. The resistance at 650 §. is 17000 ohms.

The impedance is aporoximately 17000 ohms also. The
voltage will be 17000 x 000005 or .085 which is negligible.
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The following are some important fscte regerding the
construction of the current-deflecting coils. If affords
great convenlence in actual ﬁesting‘to have several current
ranges; therefore it was decwmed advisable to coustruet the
coils in sestions. In order to get a maximum number of
renges for a minimum number of coils, 12 sections were
decided upon. The sections should have spproximately
equal effect upon the cathode rays and in addition should
draw equal currents when operated in parsllel, which |
demands that they be constructed in the form of "pies".
If the cections most remote from the tube were to have
their due influence the space factor had %o be‘a min-

imum. These requirements were hard to nest.

Bekelite impregnetion of these coils was decided
upon for two ressons: first, because it sssisted meteriasl-
ly in reducing the space factor and, second, because it
afforded an opvortunity to become familiar with a recent

development in electrical insulation.

4 very small wire, #3837 B.& S. enaumel, was used in
order to get the required numoer of turns in & minimam

Snpace.

The coil‘form developed snd used for these coils cone-
sisted of machined dises of hard (half and helf) solder
which were covered on their ilst surfaces with paper and
stacked and bolted on & manirel. The regcsons for selecting

metal for the material are: first, the delicate nature of
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the wire required s smooth true-ruaning form, and second,
the Bakelite required & non-imprecnesble materisl in order
thet the form should not become part of the coil. The
reason for selesting solder, in particular, is that it
can be melfed from the coils after the baking process

is completed without reeching a ftemperature hermful to

the coils, for the forms cen be removed in no other wey.

A machine to properly gulde the wire om to the coil=-
form was devised instead of guiding the wire by hand.
There were two reasons for this: first, theoretieslly
correct mechenical feed gives & more compaet coil than
haphazerd hand feed; and second, the collection of
superfluous Bekelite in the coil form, Incident to pass-
ing the wire through the Beskelite ms it left the spool,
mede hend feeding & matter of guesswork and the result

dépendant upon luck.

A motion-reducing mechanism of levers was constructed
to receive motion from the lathe carrisge snd deliver it,
properly reduced, to the grooved wire-~feeding pulley.

. The operation of mechanically fecding the wire was thus
reduced to the act of reversing the lathe carriage at

each end of an indicated travel.

Very satisfectory coils were produced in the above
manner. They were then bound together in units of six
coils each. The two units were mounted upncan & terminal

boerd in such a manner that they were on oppocite sides
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of the cathode-ray tube at the position indicated in

the diagran.

The fecussing coil was wound, impregnated with Bak-
elite layer by layer, end baked; resulting in an excellent
coil. It wes mounted sccording to the requirements pre-
viously stated. In order to increase the machine's use-
fulness in experimental work, the c¢oil was mounted with a

vertical adjustment also.

411 other construction was either o matter of dev-
elopment of methods or finishing up the machine, and is

unworthy of sny special comuent.
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