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The opening of an electric eireuit by meens of a vacuum
switeh is 8 complex performance which is analysed into & segquence
of stages asccording to ths phenomens involved. First, the voltage
difference between the opening contacts wWill increase more rapidly
than the electrode spacing, produecing successive discharges, which
physically are field currents. If the energy delivered is suffi-
cient, an arc is formed; if not, the transients persist for a time.
The are, if formed, continues until a minimum current is reached,
When the current suddenly drops to zero, Immediately before and
just after this drop occurs, the current is unsteady, many surges
being superimposed on the otherwise simple characterisitiec. The
sudden drop t0 zero current induces z damped sinusoidel voltage
oscillation of eppreciable megnitude in the external circuit.

Such an osecillation of smaell megnitude follows the field currents
when the interrupted current is too small to form an arc. As can
be seen, the circuit is normally cleared in the first half cycle.

Hayward's work disclosed, but left iﬁéem§1a%e, the gquestion
of an aspparent power storage in the arec., This thesis presents con-
giderable new date from whiech it a§pears we may conclude that
there is no storage of energy in an arc such a8 gppeared to be the
case, While several hypotheses mey explain why Hayward's results
were not duplicated, it is probable that his current measurement
was erroneous, due to & time lag in his ecurrent ceoil deflections.

While the equipment availsble did not permit the determinstion

of the kva, limit of the vacuum switeh, the tests made indicated

that it will hendle its tasks well.



INTRODUCTION (e)

For & number of years %he investigation of the vacuunm
switeh has been carried on at the Institute. Professor Soremsen
recognized the acute necessity for a better solution to the switeh-
ing problem and suggested & veacuum switeh. The vacuum technigus
. already developed by Dr. Millikan opened the way for a Joint
attack by the forces of Physics and Enginesering. A short account
of the work of the men who have already contributed to the under-
taking is in ordere.

In 1927 H. E. Mendenhall presented & thesis on "The
Interruption of Zleetric Circults in Vacuo.” Ea‘ﬁiséassaé the
experiences with the first vacuum switches. These switches per-
formed the tasks given them with great success. Within the limits
of the teste they indicated that the vacuum switch would open a
ghort eircult in the firest half cycle without excessive voltage
surges. It was found that the switch would fail a number of times
when first‘evacuataé, but that these failures cleaned the gas
from ﬁhﬁ metal and left the swiitch ready to operate,

Po. C. Lindvall presented & thesis in 1928 covering his inves-
tigetion of "Contact Behavior and Gas TFhenomens 1in & Vaguum
Switch.® He observed that in operstion there is both a releasing
of gas ézﬁ a "getter" action, or absorbing of ges. The release
of gas inereased witﬁ both current and voltage. The switch would
operste satisfactorily with pressures from 10"° mm. of mercury
to the lowest possible. Copper was found to give the best operat-

ing characteristics. Severe heating of the contacts d4id not
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prevent the switeh from opening the circuitb, ‘
J» Ho Hamilton also presented his thesis in 1928. He worked

with a specisl circuit which enabled him to measure arc voltages,
even where voltages meny times those measured would suddenly be
applied to his apparatus. 7The arc voltage was found to be be-
tween 10 and 25 volts for high currents, but much higher for very
small currents.

The latest work follows more directly the work of C. Do
Hayward, whose thesis was submitted in 1929. He found s rough
agreement between the value of current at which the arc went out
and the voltage surge induced. He alsc found that sluminum cone-
tacts gave a lower extinetion current and lower surge voltages
than coppere. The most surprising resulte he gave were o0scillo-
grams showing voltage reverssls with current meintained in & cone
stant direction, & result which meant that the vacuum switeh
stored energy in a form available for return to the lins,

It was thought highly desirsble to check the srec siorage
phenomens found by Hayward and to further investigate the differ-
ent properties of the vacuum switeh by means of the cathode~ray
osecillographs The results obtained are given as & series of o8-
cillogranms with a desceription for each, together with an amslysis
of the phenomena found. The analysis is a running narrative
which will occupy the top of the page above the oseillogram and

description. It will be preceded by a key to the oseillograms.



VK%Y TO OBCILIOGRANS ()
With each oscillogram certain data are given; the number,
the coordinates, the transformer used, the effesctive short
cireuit amperes through the switeh, and the approximete time
reguired by the beanm to ecross the film. In the exzample below,
the serial number is 9.4, meaning the ninth picture of the fourth

dozens, The "V.t" means that ordinates correspond to volits, the

abscissse te‘time.

Gmid

TVt

15 kv.
5.7 amps

02 sec.

9-4

Following from left to right can he‘seen the zero voltage
for short eircuit, the short let transient at (1), the almost
zero arc voltege, and the oscillations of the 2nd transient
which damp out, revealing th% fundamental 50 eycle open circuit

voltage. This oscillogram is typical of & large number of os-

eillograms, both in this thesis, and in that of Dr. Hayward,
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ANAIYSIS OF THE FIRST TRANSIBNT

While an arec, égﬁe es%&bl&sﬁéé, may reasonably be expscted
to asﬁtiﬁne for a time, it is e#iéeﬁz that there must be some
auxiliary mechsnism to initiate the arc. The guestion properly
arises, what is this mechanism in & vacuum arc? There is

reason t0 believe that field currents pass while the contacts

2.7

V-t

15 kve
5.7 ampse
.006 sec.

2-7

This is another example of the lst transient whieh begins
on the opening of the switeh contacts and lasts until the arc
etrikes, The beam has travelled faster here than in 9-4 and
soms idea of the frequemncy of these oseillations may be gained.
The voltage reversal came before there was time to esither esw
tablish an src or gain an electrode spacing sufficient to pre-
vent field currents, HMaximum of the 15 kv. wave would pro-

bably come at the edge of the film.
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are first separating. With & high voltage, the currents
need not be large to give sufficient power to vaporize a bit
of the contacts and then ionize this vapor to form an arc. On
the ofther hand it is perfectly reaséﬂabla that this power should
prove insufficient to serve the purpose, and thet mno arc should
0CCUr. |

Ths results indicate that the field current is not s single

discharge, but & large number of short surges with rapidly

57

V-t

15 kv
4.3 aups
008 sec,

5-7
This is an example of & 18t transient whieh led directly
into a second transient and open circuit without an intermediate
arce The duration of the 1st transient was enough to allow a ¢on-
tact separation too greet t0 be broken down by the reversed vole
tege., The spots seen during zero voliage indicate that the os-
eillograph vacuum was t00 hard. The bers in the transient part
are due to this same effect, not to any charsecteristic of the

trapsient.
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changing voltage requiring an ap@r@ai&blé time before enough
energy has been produced to form an arc. Should the current and
voltage of the switeh tend to reverse oo soon after the contacts
separate, field currents will begin to travel in the opposite
.éir@atian, if the gradient established in that direction is
sufficient., Cases will be shown both of failure to give field
currents after reversal and of such currents which will lead to
an arc, or will finslly eecase. These transients sometimes last

a8 much as a half cycle.

Previous experimenters on the vacuum switch had noticed

127 I-%

9=7 V-t
Both:
15 k?»
4.5 emps

01 sec.

Two osoillograms taken within a short period are presented

here for comparison. They represent the case of opening with

18t and 2nd trepsients, but without an arc,
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that there were surges which occurred during switsching. These
surges &t times would blow elements and fuses in magnetic
oseillographs. Insulated pisces of mebtsl would build vp voltages
to ground sufficient to give wicked sounding sparks. The switches
used in these experiments certainly would give discharges with
considerable voltages, particularly when using the 15 kv. trens-
former, between the high poitential lesd and e wire binding it

t0o an imsulator., Shielding and grounding of all possible eon-

1.8

V-t

16 kv.

4.5 ampe
«0008 sec.

This is another case of & lst transient leading to a 2nd
transient and open cireuit. In this case and several others
it is probably that the faverable timing of the contact separ-
ation was the reason for the lack of an arc. Cases will be

presented in whieh this is not the resson,
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ductors usually mskes it possible to continue to make measure=-
ments, but these messurements must be more doubtful than before.
Although the voltage oscillations which result from the

sudden éxtiﬁﬁ%iaa of the arc, ie.e., the 2nd transient, were

the ones previously loocked upon with most apprehension and
iatares%,’tha author soon decided that the cause of all sﬁ the
aﬁérks around the vacuum switeh wse the lst trensient. Briefly,
the reasons for this were (1) the fregquency was muek higher

than that of the 2nd transient, (2) such sparks were observed

4wl 1=t

312 Tt
Both:

15 kva
o4l 2mps.

01 sBec,

The current oseillogram shows that the eurrent broke
guddenly, but that transient currents occur with the tramnsient
voltages. These are tyﬁiaal of the traésiants which occur when
the current through the switeh is limited to & low valve, The

print 3.12 has a cathode spot elliptical in shape.
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on closing as well as on opening the switch (3) although
gmall in megnitude, there were resl current pulsations of
high frequency during the 1lst transient. Another phenomens
caused by these transients was the glowing of the gas in the
gag reservoir between the mercury diffusion pump and the
0il pumpe

To get a rough check on the gradients in the switch a

test was devised to determine the rate of opening of the cone

Ewl2
Ia%
15 kv

+41 amps

+01 secs

2-/12

This is a picture of the current as it ocours during a
transient. This picture was teken immedistely before &~12, and
the conditione were the same., Apparently the current was ine
terrupted at about its meximum whiech, however, was too small to

give rise to an arc.
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tacts. If 110 v. are placed on & potentiasl element of the
magnetic oscillograph, the vacuum switch will interrupt that
voltage, and the masgnetic osecillograph will record the sxact
time the switch contacts separste. If in gddition the con-
tacts on the switeh lever arm {see Sheet %) are connected to
8 storage battery they will give records of the times that
the switech lever arm reached chosen points. Since these cone
tecte can be varied, an anslysis of switeh position with time
can be made. The resulis of four oscillograms are given on
Sheet 1.

This test showed that there would be gradients sufficient
to give field curreunts for at least 00,0001 seconds and probably
0.001 seconds or more. The roughness of contacts must enter
into such an estimate, reducing the gradient many fold.

The basis of the grasdients necessary for field currents
is the work of Millikan and his co-workers. The resder is
referred %é the following srtiecles:

Milliken, R. A. and Bycing, C, F., "Laws Governing the
Pulling of HEleetrons from Metals by Strong Electric Fields.”
Phys. Rev. 27, pe 51, 1926,

Leuritsen, C. €, and R, A. Milliksen, on field currents,
Phys. Rev. 33, April 1%829.

There were several reasons for believing these currents

to be field currents rather than any other type of discharge.
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MAGHNETIC
OSCILIOGRAM SHEET 1.,
NOS »

i zl/;
eI

CLEEEC NN
ﬁiﬁ e nn

A

yﬁisééééé;§f$§¢35{5551 tc:%im$ 88 eﬁyséailiﬁgrgm
Bvent A - Opening of Vacuum Switch Contacts
B - Closing of 12 v. on Sweep Circuit
C - Opening of Short on Resistance
D - One cycle after A; AD = .02 sec.
Foint of lever arm pulling switch contacts apart has moved
»00285" further at event B and .0044" further at event ¢ in
each su@aeééing oggillogram. See Sheset B,
Results:
At time of separation contacts have average
velocity of .0056 in. = .013 em. per .001 sec.

Por parallel plates with ,013 em. separation, 58,000
volts gives 4 x 106 volts per cm.

Oseillograms taken between Cathode Ray oscillograms
12.18 and 1-19. Spring tension not necessarily egual

to tension for &1l C. R. oscillograms, but reasonably

typical,
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One of the principal ressons was that, as already mentioned,

on elosing the switeh, the external disturbasnces were the same
as on opening. Since the gas pressure was between 2 and

5 x 1079 mme. 0f mercury, there could be no discharge on closing
until field curreunts occurred, The gradients available were
suffieient to meke field currents the most reasonsble answer.

{ See Sheet I } Purthermore, it was unlikely that there

w1l
I.%

15 kv.
«15 amps

00D secq,

3-/5

The current was interrupted fairly near zero. There was
no are, since the current was too low, but transient currents
passed for a period. The average value of current, as it might
be measured on an oseillogrsph which would not respond to above
10,000 cycles would presumsbly give & fairly gradual current

decay, although the falling current can be ssen by this picturs

o

t0 consist of meny short lived impulses of sizeable magnituds.
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should be sufficient ions in the space between the slectirodes
to support & glow discherge if an arc was nevser formed. After
an arc has %ailéﬁ off some vapor, it might reasonably turn
into a glow discharge for & time.
To obtain further evidence on its nature, the wWave shape

and freguency of the lst transient were examined. It was

15 kv

013 Bupos
0015 seg.

&-/3

A faster sweep was used to get an idea of the wave shape
and fregquency of the lst transient. A test with an oscillator
gshowed the timing %0 be linear. It can be seen that the trane
sient is spproximately of the type obtained when a voltage @it&
8 limited rate 0f increase contimmally succeeds in breaking down
gsome dielectric, the breakdown causing the voltage to fall much
faster than it rose, and esch brsakdown requiring a higher volw.

tage than the preceeding one.



found that the lst transient consists of a series of cycles

of voltege rises followed by sudden drops; the rises being
slower than the drops., At first the rise only goes to a small
voltage, but later it rises 10 akhighez and higher value.
Since the voltage each time drops to zero or aslmost zero, the
later rises téke longer, as do the drops. Finally the voltage
does not drop, but goes into the damped simusoidal oscillation

typical of the second transient. The rising curves appear 1o

9mlE

Vet

15 kv,

+13 smps
20015 sec.

9-/3

This picture differs from 8-13 only in that it was timed

a trifle later. A very small oscillation after the last breakw
down represents all of the 2nd transient which oceccurred in this
gases The switch is of course open at the left of the picture,
4 small knot at the start of the trace was caused by jumping of

the timing contacts.
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be of logarithmic form., The last eycles had a period
corresponding to asbout 2. kiloeycles, the first eycles being
much shorter. The current had repesated, sudden surges, COr=-
responding roughly to the voltage surges. It is very probable
that the voltage rose under the influence of the externsl cir-
cuit, the gradient caused a train of electirons to suddenly pass,

and this in turn caused the voltage to drop.

314

I-%

15 kv.

212 amps
+0005 sec.

I-/4

There are two exposures on this film, but ons, the
straight line, failed to bring the tramnsient on to the film.
The other shows how the current behaved under circumstances
gimilar t0 8 and 9-13. Ones can hardly escepe the conclusion
that the voliage drops on 9-13 are due to the current tran.
gients which the picture shows. Again the sweep contacts jumped,

causing overlspping of the trace.
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If the current during these tramsients were a repeating
funetion of voltage, the funetion might be found on IV
pietures if the spot retraced the curve enough times. Since
the total %im@ of this transient is usuvally short, and the
IV curve is different for each cycle, the trace is almost
lost in I~V oscillograms. Another difficulty in simple I.V
oscillograms is that the I.V curve for the lst transisnt might
combine with & possible curve for the 2nd traﬁgiaﬁt,

For a time certain oseillograms, principally 4-13

6-14

I-t

15 kv.

o183 amps
20003 sec,

e s

. 64‘/4

This again gives an ides of what the current does just
after the contacts are ssparated, if the limiting resistance
in the transformer primsry has held the short circuit to &

value too smell for an asrc to form.
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sssmed to give voltage oscillations with current caﬁﬁinmiﬁg
in ope direction, but more gcareful exemination mskes possible
an albternstive explanation. In other caeses the trace indicated
the eurrent and voltage had the same direction. While no%t
proved, it is very probable that no power is returned from the

let traveient to ths circulit,

10-18
I.%, V
15 kv.
234 amps

201 ssc.

If the reader will recall how in I-t oscillograms such as
3-13, the current drops to zero except for a short transient, it
will be clear that if horizontel deflections due to voltags are
superimposed on the slow time deflections, the result will alter
the I-t picture only in the transient period, and perhaps exe
tend the zero current lins. When there is a short circuit or a
steady arc, the voltage will have no effect, and when the cura
rent is zero, voltage osclllations will be confined to & straight

line, namely, the x axis., This is sueh & picture.
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4-13 1%,V

/ Boths
4"“/;? . k 15 k?s

+15 amps
+O005 sece

B=l3 I=%

3-/3

The upper picture was taken using the same scheme ag 10-12,
The lower was the I-.t record of which the upper was supposed to
be a modification. If the transients were confined to the in
terval & b, the record of transients would be almost independent
of time, At first glance 4.13 ssems 10 prove that voltage 08-
¢illations occur with the current constantly above the axis,
point 4 eorresponding to point b It will be gsen, however, that
the interruption of the current, e, occurred at a different part
of the cycle from a, and therefore could be expected to last

longer., (Continued on next page.)
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11-11

b4
i
ot
3

15 kv

72 amps

015 se0c.

il
The scheme of this picture is the same as that of 10.12,
The chances are that the time displacement had a bit of disw
tortion to give the poor sine wave., The lack of voltage os-
¢illations while the current falls t0 zero, indeéd the lack of
any trace which might be seen, indicates either that they do

net oceur or that they are extremely rapid.

{Continued from previous page.)

Probably the transient would have extended t0o e rather than 4,

had the voltage deflections been omitted, Voltage contrary to

current represented by points to the right of the corresponding

point of an I-t curve has, therefore, an ambiguous status.
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4wll
IV
2eB kv

45 amps

Eeée again the simple cross is the whole of the true trace.
The drop from a little current to zero was so rapid that it left
& blanke The two faint lines parallel to the current oscillation
were probably due to sither & doubling of the spot, or mors likew
ly, a trace aae to eurrent when the cathode volitage was low before
the slectron shutter toock effect., The slight sayaxazi@n of the
two parts on the right hand end of the voltage swing is probably
within the reproduceable accursey of the instrument. ?re%a&a%lg
the switch contacis separated just after a zero current, or so
little b&fa?s that the arc restruck in the opposite dirsection,
the gurrent jumping the small values guickly., This caused the
gap around zero current. Of Course, the electron shutter could

heve csused the same effect.
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ANAIYSIS OF THE SECOND TRANSIENT

It is not necessary to use s cathode ray oscillograph to
gshow that thers are voltage oscillations after the arc iz ex-
tinguished, The sarliest work on the vacuum switeh with &
magnetic oscillograph showed that there were oscillations of
considerable megnitude and fairly high fregquency, although of

lesser magnitude than in the case of 0il circuit breakers.

L

EwT

V-t

15 kv,
5.7 amps

01 sec.

Af?'7’ ”?i;P

This is & good example 0f the second transient which fol-
lows the arce. The frequency figures out to be about 2500 cycles
per second, The sinuvsoidal form of the wave and its rapid, but
not eriticsl, damping, are evident. The fuzziness and break in
the arc voltage are probably caused by instability of the arc
and will be discussed later., If the reader will refer back to

9-4 he will see the first exsmple of the second transient,
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The cathode ray oscillograsph has done two things however; (1)

it has given faster and more conclusive pietures showing that
these oscillations are dsmped sinusoidal waves; and (2) it has
shown what the current time curve is for this phenomens. The
current is found to decrease on a smooth sine curve, to have
short jumps from this position, and to drop from a velue of a
few amperes to zero Within a very short time, probably less

than & microsecond. Sometimes short pulses occurred after this,
but in general the current was zero., The transformer used, with

ite inductance and capacity could be expected to set up oscil-

4=7

V-t

15 kv.
5.7 amps
#0056 sec.

9-7

The shape of the second transient stands out still more

clearly here than in 3.7,
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316

V-t

203 KV

29 amps.
20007 ssce

J-/6

At the left of this picture is an example of the Znd
transient in the 2.3 kve. circuit. The phenomens at the right
and center of the picture will be discussed later. The ver-
tical streak at about the center of the 2nd transient was
caused by the shutter over the f£ilm holder being slightly
open, allowing this streak of light to enter. It is present
in oscillograms 7-15 to 6-17. The second transient here is
more complicated than simply & single frequency wave, DO8-

gibly due to two circuits oscillating simulbansously.
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el

lations when the current is &0 sharply cut off. These would
be sinusoidal and damped., Wellman traced the damping to the
potentiometer. With the 2.3 kv. transformer complex oscilla-
tions with more than one frequency were found. The external
cireuit certainly determines the nature of these oscillations,
the switech determining only the decay of current, t is pog=
gible for the voltage to rise to a point where field currents
will occur, and at this point the effect is different from

the normel 2né transient.

5 o 10-18

Vaut

23 kve
38 amps
2001 sec,

- /0-/6

This is another example of the 2nd transient. The othsr
three lines are due to the beam crossing the film under the
influence of the B0 cycle sweep colil, once st zero snd twics

st open circuit voltags.



{26)

B-16
V-%
2.3 KVo
Y &g@s‘

+001 sec,

Here is & second transient under the same conditions as
316, but with a comparatively small amplitude. Agsin more

than a single frequency is present.
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While the case of current-voltage ftraces for the lst
transient have been discussed, there remsins the case of the
2nd transient. All simple I-V pictures gave negative results,
showing only a simple cross. This is consistent with the
finding %hat the 1st transient would spread out so it wounld
be too faint snd with the fact that the current.time traces
showed that the current cut off ébra?tlyg reaching zsero in

8 fraction of the period of the voltage oscillation.

910
IV
23 KV

5.1 amps

94/0

A mumber of simple I.V oscillograms were taken to see if
anything but the simple crossed lines representing current
alternations with zero voltage, and voltage alternstions with
zero current could be found. The only thing found was the
1ittle trace where the spot came on the film from the influence

of the electron shutter.
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Tmld
Vet
15 kve

8 amps

04 s8c.

7/
This oscillogram was teken under unusual conditions. The
switeh was placed with conbscts slightly open, volisgs applied,
and the switch opensd in the usual menner. The switch strueck
of its own accord. The transients marked (1) correspond 1o
1st transients, and like the lst tranpsient of 2.7 lead to an
arc. The straight lines are low src volbtage traces. A charag-
teristic 2nd transient can be seen puilding up, (2}, but & vol-
tage Was evidently reached which broke down the electrode spacing.
The timing device gave & peculiar appearance to the last part of

the trace, but apparently the switeh really became open befors

24

of almost

(1]
u

the beam left the films, The causs of the small step:
zero voltage is not known, although it mey reasonably be glow

voltage. These stepe or jumps come at the beginning and end of
every other half cycle, both in this picture and in another ta

at the sgsme time., The ellipse in the basckground belongs to the

large family of eccentricities of the cathode ray.
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ANATYSIS OF ARC EXTINCTION
Probably the consideration in the vacuum switch which
attracts the most atitention is the phenomens of arc extinction.

Since the actual change from arc to not arc occurs so rapidly,

it is nseessary to consider what happens before and after.

C oy

5.9

V-t

16 kve

5«7 amps
0.015 sec.

5-9

TWo exposures were made hers, one of the swiich opening
trensients, and one 20 cycles later of the open circuit vola-
tege existing then. The point which is of interest here is
that whils the arc volbage is constant and low s good deal of
the time, there are both smell varistions from zero, or fuz-
ziness, and a few large magnitude kicks, indicating that the
arc is not completely stable. The small step at the end of

the arc is similar to thaet seen in 7-14, and may be a glow

voltage.
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Hamilton found the steddy arc voltage to be around 15 volts.
%@Q§ of his pictures show events during the arc period whiech
were aside from the regular arc conditions. An examinastion
of many of the cathode ray pictures of the arc reveals thaet
although the arc voltage is usually & straight constant line,

there will be bumps, or even traces extending far from zero.

T=17
I-.%
2+3 EVe
18 amps

+00025 ss0.,.

7-17
Here is another exsmple of the current cut off. The
ricture is intsresting because of the holes in the current
trace after the cut off, and because it is the fastest picture
obtained of this type. With only 260 microseconds for 4.5
inches of f£ilm, no measurasble distance can be detected for the
time of current fall, indicating that it takes less than one

microsecond, although no minimum is indicsted.
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A genersl fuzziness is often observable.

It was found possible to synchronize the timing to the
current extinction, When this was done it was discovered that
the current had many apparent discontinuities both before and
after the arc extinction. These repeated so many times that
it was hardly possible to doubt thém. They lead t0o the con-
clusion thaet the src is not stable, but tends to go out nefore

it reaches the actual current of extinction. NMore important

6-19

I-%

23 kv.
£2 smps
001 sec.,

Two crossings of the film are seen here. The straight,
gven line is interesting for showing that the shunt gives per-
feet current recording for the region near zero current. The
trace t0 both sides of the main trace is evidence-that the
current oscillates unsteadily, even reversing, during the

gritical period of arc extinction.
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gt111 was the fact that there were seen 10 be pulses which
oscillated with & great enough amplitude 80 that there was s
current of direction opposite to the normpl currents

The wvoltage curve accompanying these current curves
showed very rapid surges corresponding to the current surges.
These would exist in short intervals between steady arc voliage.
When the éra finally went out it meant that these voliage pulses
4id not return to zero but went to high values, until finally the

fine tooth structure gave way to the comparatively smooth trace

la16
Twt
£2e3 KV

27.0 LU0 «

Although partly double exposed, this picture is of in-
terest because it shows a current trace whieh starts from a
perfectly smooth curve and graduslly comes %o have more and

more emptly spaces, Or gaps, in ite trace.
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0f the Znd itransient,
If, on the other hand, we go back, we find that about
500 microseconds before the arc goss out these pulses Were

less freguent, and still easrlier they were not to be found,.

. £=16
I=%
Zed KVs
£9 amps
20007 sece.
S+16
Vet
Same kv,

amps, time,

88 L-10

F-/6

It is interesting to consider what voltages accompany the

currente just shown. Comment is hardly needed except to point
out that the first rise to the high voltage taking the bean
from the picture corresponds to the time of current extinection.

Since these pictures are consecutive rather than simultensous,

the timing coordimation is not exact.
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This indicates that the 3ﬁxg&s were the result of the arc
condition rather than of any oscillations initisted at the
beginning of the are by the outside circuit,

If the supply of electrons from the cathode is obtained
by the field currenis resulting from the positive ion space
charge, a8 is demonsirated by 5. S. lacKeown in the Phys., Hev.
of August 15, 1929, these surges may reasonsbly be the meni.
festations of changes in the position and charge in that space
charge., Eguilibrium in the arc is necessarily a dynamie

sguilibrium and if there is any changs in one factor, say

¥ e ] -

4-16

Vet

B3 kVe

£9 ampd.
20007 sec,

416
This oscillogram is & companion t0 the last one, differ-
ing only in the timing. The beginning of the second transient
is seen at the extreme right, hence the body of the picture
just precedes that of 8.16. Compare the thickness of voltage

transients on the left and on the right.
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R

B=16

I-%

Z+3 kYo

29 aups
20007 sec.

5-/6

Thie osecillogram is similar to 2.16. Over two lines
erogs the film, but the interesting one stands out, The ob-
ject of showing this picture is that the cloundinsss above the
zero current position and following the current cut off gives
& hint of where the beam is during the time represented by
the open spaces. While the cathode ray at times is a dotted
line rsther than s continuous lins, it would hardly be ex-
pected to repeatedly become broken up at this partieular point,
while being & continuous line before and after. For this
reason it is belleved that the open spaces really are caused

by sudden surges of current.
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the supply of positive ions, the result may be decressed
electron emission. A voltage would build up until the emisw
gion was increassd. The chances are that even in s steady arc
there are sueh changes, but the rapidity is too great to
measure. As the current approaches the cut off valus, the

changes in ths are would probably start and show effecte be-

2-18
V-%
Lol KV,

EZ amps

+OD0EE sec.

This is the most rapid picture of V.t at the period of
arc extinetion which has reasonsble clarity. The intermittent
transients during arcing, the peculisr transient while the
voltage is rising, and the well defined 2mnd traemnsient sre of
interest., The reader will find snother example of the trane

sient of the first voltage rise to high valuss by referring

back $0 BalBe
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fore, as well as right at the time the arc goes oute

In application, the vacuum sﬁitgh depends wupon changing
the conditions between the electrodes rapidly enough from
ionization to perfect insulation., No limits have yet been
found to the rate of decay of the arc condition. It is werth
noting that the problem of deionization and the yrébiem of |
getting a large enough space free of ions to prevent field
currents, become the same problem if the extinetion of the
arc mesns physically the decrease of the cathode gradient

by the decay of the positive space charge.

S=l7

V=%

Bed KV

15 ampse
+00010 sece.

This is more rapid than 2.18. It is believed that the
verticel traces are the rising voltages of arc extinection.

They are sbout three microseconds spart.
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CRITICAL ANAIYSIS OF HAYWARD'S REVERSED POWER PHENOMEIA

On comparing and combining these results with Hayward's,
the conclusion that he reached that there were voltage os-
eillations with current contimuing in the same direction is
found to be extremely doubtful. There are four possible
Places in which the error might have arisen. In the first
Place, if the D. C, exeitation is not given around five cycles

7-19

I-%

Z2e3 KV

b amps
#0011 sec.

In order to compare the records of the current coil and
the current shunt as regards the arec decay, seversl pictures
were taken. This one was taken with a thirty turn eoil carry-
ing the § amperes, the deflections being due to the magnetic
field of the coil. The 30 turms were outside turns of the
two coils of 50 turns each, the other turns simply being

left open circuited,
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$0 build up before letting the beam on the film, there may

be traces With low voltage excitation. Frequenily the zero
position as well as the sensitivity changes with voltage, 80
that he may have, as the author has, obtained regular 50 |
cycle oscillations which were separated due to the gradual
ghift of the zeroc position, The method of gathode @zgit&tiaﬁ
he used makes this quite possible. The second possibility is
that his carbon rod potentiometer may have behaved irregularly,

as the sparks along its surface under operation indicated. The

1019
Ist
£e3 KV
b smps.

0,001 sec,

/0~/9

The conditions of this picture were the same as those
of 7-19 except that the ecurrent deflections were caused by
the water shunt voltages, the current ¢oil being shorted and

grounded.,
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third possibility is that the current c¢o0il might have had a
sufficient choking action to smooth out the sudden drop of
current, with thes result that the voltage oscillations
ogeurring in reality after zero current was reached might
gtill come before the arparent current curve had reached
zero, Fourthly, metal such as the deflection plates or the
caps on their leads might have given eddy currents in the
field of the current c¢oil which lasted sfter the current in
the eoil fell to zero,

A1l of the ceses in Hayward's thesis occcurred at the
time of arc extinetion. The resulbs presented here all show
(1} that the time between the end of the normel arc and zero
current was exiremely short, too short to allow amything but
the shortest trace to be visible, and (2) that all sinusoidal
waves were eomparatively slow., The crux of the whole matter
is that in his Pig. 6, the current makes a gradual bend to
get to zero while in all of theese pietures it mekes a right

angle, with no rounding of the corner.
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PLAINED CASES

- S0ME UNEX

9-19
I-%
2.3
b amps

001 sec.

The same as 10.19 except current ecoil connected to high

gide of shunt.

, &z
6-18 513

Both: I-%, ¥V 15 kv. 0.15 amps 008 sac.

The scheme here is the same as in the case of 10.12., The
only elue to explain them is that the half dozen oscillograms
preceding these had had double and triple cathode spots, be-

gides %éhaviﬁg gueerly in gensral,



(42)
ACCOUNT OF EXPERIMENPAL WORK

The tangible results of this research are in the form
of oscillograms. The most important are the cathode ray
oscillograms, tThe megnetic oscillograph being an suxiliary
used only at the end of the work. The cathode ray oscillo-
graph gives & spot which varies greatly in its intensity,
sharpness, and uniformity. These gqualities are obvious, but
not o obvious are some of the tricks of these rays. It has
been found thaet the zero position sometimes varies with vol-
tage. With high vacuum the spot varies periodically in size
with time, so that when displaced regularly it consists of al-
ternate heavy and light portions, which became dobs when car-
ried to the extreme. The spot is often elliptical instead of
circular. Host disconcerting is its occasional habit of be-
coming double or more complicated. In all oscillograms the
cathods is sxeited by direct or constant volitage which is

brought suddenly to & low value by discharging the condensers

L]

of the rectifier by a synchronously short circuited gap.
de

£

]

flections oi the spot are obtained by placing vole

he

o

tage on either & horizontal pair of plates or a vertical pair,
or by magnetic fields. An electron shubtter is used consis-
tently in the pictures. It simply sets up & field which is
suffieient to keep the ray from the film while a synehronous
gwiteh i8 closed. larny times the trace of the ray can be

gseen as it changes from the position dictated by the electron



shutter $0 the position determined py tThe other fasctors.

Whenever deflections proportional to time are wishsd,
They are obtained from the magnetic field of the sweep coil.
The sweep 60il is furnished current from (1) the 50 ecyele,
110 v, eircuit of the oseillograph, (2) a ﬁmsggia, 11 volt
alternator connected to the synchronous switches, (3) the
same altermator running faster to give 15 ecyeles, (4) a
storage batbtery, which gives & current varylng exponentially
wWith time. A Dbias shifts the zero to one side o0f the film.
In all films the time deflection lg praciiecally proportiocnal
to the first power of time., With the 50 cycle sweep severasl
crogsings of the film will be seen. The calibrated oscil-
lator in the eseillograph was used intermittently to find the
spesds.,

A potentiometer was used for a voltage divider to give
deflections proportional to voltage. For deflections pro-
portional t0 surrent, wabter shunbts were usually used, so
that the voltage to the deflector plates would give the cur-
rent., Some oseillograms were taken with a wire shunt. A
few were taken using s e0il of wire t0 give & magnetie field,
a8 Hayward did. These will be specislly marked,

In meking prints the negatives have been turuned s0 ag to
use the emulsion side and give time from left to rightv.

About the middle of Augusiv, 1980, the 0ld vacuum sWiteh,

which was of the same design as used by Iindvall, Hamilton,
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and Hayward, broke up. The last picture with the old switeh
wWas 4-7« A new switeh was built and put in operation on
September 2nd, A picture of it is given in the Apparatus
section, It was simply & glass cylinder placed betwsen two
8tesl plates with rubber gaskets covered with shellac fér
seals. It pumped down when first put in operation and be-
haved well afterwards. Some troubls was experienced with
arcs puncturing the gless tubing during the gas discharges
that always occur when first outgassing the switch. The
trouble wes due 10 having put the pumping connsetion on the
high voltage end. An electrode was placed insids the vacuum,
80 that any unusual discharges would be conducted to ground
through a safe path. This switch beshaved about the same as
the other as far as appearances Wers concernsd except that
green fluorescence due t¢ slectron currents often asppeared on
the glasss cylinder when voltage was applied, although no
other discharge might be taking place., When i1t became neces-
sary to take this switeh epart, it took but three-quarters of
an hour to take it apart and reassemble; and in another hour
and thres-quarters the vacuunm wag better than 19“* mm., of
mercury., Practically every picture was taken with the
vacuum better than 10~% mm,

Many negatives were darkened and marked as a result of

standing several months in the High Voltage Laboratory where
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Dr., Leauritsen was working with very high voltage x-rays.
Oseillograme up to and ineluding 8-.10 were taken with
tﬁ& potentiometer messuring the voltage scross the switch
and the current shunt. The connections were changed so that
pictures after that had the pofentiometer measuring simply
the switch voltage, and the current shunt messured switeh
current and potentiometer current. The latter was completely

negligiblee.
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IX - ATPEARATUS

1. Vacuum Switch
l. Firset Switeh
(same as Hayward's)
£+ Second Switeh

Se HMeleod Gauge

The Second Vasuun Sﬁiﬁé}i'
2. Power Supply :

+l 22 v., open delta transformsr
o2 1b kv, transformer: 1 o0; G. B. 2845092, Type H,
Form G, 230/115 to 15,000; 50 eycles; 10 kvae
*3 248 kve transformer: 1 o0; Westinghouse: 1608090,
type 3, style 3165696; 230 to 2300; 60 cycles; 25 kva.
o4 Iron Grids
o4l and .42 sach 175 ohms.
o5 %*?ata: barrels 2.51 and 2.52
6 Ammeters, %’as%s#ﬁ
Model 155, 'E&ﬁges
«750, 2.0, B,
10, 18, 25, 50,
75

The 15 kv., and the 2300
volt transformers, a
water barrel and meters,
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3, CATHODE RAY OSCITIOGRAFH
«1l Cathode tube
+£2 Vacuum system
«21 Reservoir
«28 Capillsary
+23 Vacuum gauge

+& Fluorescent serecens

o4 Cathode Bxoitation

.41 Kenotron Cathode ﬁ%@,éﬁ@iil@grayé
«411 Filament Transformer
412 Filement Rheostat
«42 Condenser

Transformer Primery
43 Limiting Resistance
20 ohms,18 amps, taps l-61

Cathode Tube showing

Vesecuum Connections

Xenotron, Condsnser gnd
Transformer
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3.6 Blectron Shutter
Air coil, 150 turns,
24 enameled wire,
5 cm, diameter; 9 cm.
lengthe.
S¢6 Sweep Coil System
61 Coil

62 Limiting lmpedance

+621 Reactor {(built into Cathode Tube with
‘ Blectron Shutter in
oscillograph) Place

+622 Resistance 0-.1760 chms

+63 b cyecle alternator
Rated 110 volts, 50 cycles 1500 revolutions per minute
Run 11 volts, b ceycles, 150 revolutions per minute

to 10.15 on 1/1/31.

88 volts, 16 cycles, 450 r.pe.m. after 1-.16, 1/§/§3
+64 Switeh lever Contacts
+66 Series and Parallel

Spot Shifters
601 Resistances

+6B2 Batiteriss

Switeh Iever Contectis
Anpd Switeh Trip
Hechanisnm



The 6 Cycle Alternstor,
Magnetic Oseillograph,etc.

3.7 Osegillator
248 Syxﬁhrsﬁgaﬁ Contacts
+81 Discharge gap for

Cathode Exeitation

O3
™
L2 o]

Voltage and Current
Measuring Devices.
+»91 Potentiometer

+92 Current Coil

+98 Wire Shunts

+94 Water Shunts

4,0 Magnetic Oscillograph
»1 Potentiometer

o2 Amplifiser

+3 Synchronous Drive

o4 Trip devicse

Synehronous Contacts

Current

Watsr

Shunt

{50}
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Amplifier for Magnetic Oseillograph
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