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SUMVART

This thesis describes the results of an investigation of the
arc and glow discharges occuring between the contacts of a vacuwsn switch
when an alternating current is interrupted. The investigation was made
by taking cathode ray oscillograms of current vs. time, voltage vs. time,
and voltage vs. current. Circuit woltages of 2200, 15,000, and 30,000 voltis
and currents of from 0.4 to 14.0 smperes r.m.S. af both lagging and leading
power factors were employed. At different times, both aluminum and copper
swi tch contacts were used.

The function of the arec in acting as an eleetrical "shock
absorber," preventing inductive voltage surges from being set up by the
switching operation, is discussed, and tabulated results are given,
showing that a rather loose comnnection exists between the current alb
which the arc exbinguishes and the maximum value of the induced voltage
surge, but that the average arc extinction current and alsc the average
induced voltage surge are both quite definitely lower for aluminum
contacts than for copper ones, Previous switching experience indicates
that the volbage surges arve much higher when tungsten contacts are used,
From these facts the theory is advanced that the arc extinction current
and the voltage surge depend upon the vaporization temperature of the
contact metal and the use of magnesium or zine is suggested.

The voltage-current oscillograms indicate a storage of energy in
the discharge 1tself and a subsequent release occcuring in some cases several
times while the discharge lasts. No explanation has as yet'been found for
this surprising resuld, but it seems to be authentic, since every effort to
eliminate it was unsuccessful. If this result may be regarded as a true one,

radical changes must be made in the accepted arc theory.



INTRODUCTI ON

The investigation, described in this thesis, of the are
and glow phenomena which take place when two metallic electrodes,
carrying an alternating current at moderately high voltage, are
separated in a vacuum was undertaken as a part of the Vacuuwn Switch
research program which is being conducted in the lMllion Volt
Laboratory at the California Institute of Technology.

Preliminary teats(l’ followed by more exhaustive ones at
higher currents and voltageshave proved the soundness of the funda-
mantal idea of breaking an electric current in a vacuum, Currents
as high as fifteen thousand ampéres at fourteen thousand volts and
two thousand amperes at ninety thousand volts have been successfully
broken by a vacuwn switch having relatively small physical dimensions,
In all the tests made it has been the kva capaciity of the power source
rather than failure of the vacuum switch which has set the upper limi%
of voltage and current reached.

When the vacuum switch has been evacuated to below the
maximum operating pressure {sbout 103 mm., of Hg.) and the contacts
have been properly outgassed, the alternating curvent is invariably
broken in the first half cycle with a smnll momentary arc.

It should be borme in mind that in studying this arc it is
not desired to eliminate it, for the arc acts as an electrical shock
absorber, preventing voltage shocks from being transmitted to the system
by the switching operation. Assuming that the switch is opened at some
point of the current wave other than the zero point, the presence of

the arc allows the current %o continue to flow, gradually decreasing to



a value near zZero on the sine wave. If there were no arc and the
current dropped to zero immediately upon opening the contacts, the
enormous rate of change of éurrent with time, acting through the
inductance of the circuit, would cause very high voltages to be |
induced, High voltage surges of this kind have alvery detfimental
effect on the syste_m,ﬂ cgusing flashover and puncture of insulation.
If the arc could be made to continue imtil the current réaehe’d zZexro
instead of extinguishing Shortly before, ideal switch operation with
no line voltage surges would result. 4s a matter of fact, hoﬁever,
the arec form of discharge does not continue %to szero current but
changes t0 a glow form when the current falls below a cértain minimmam
value, as will be explained in more detail later. It was with tke
idea of studying this transition and the hope of finding means of
eliminating in the vacuwa switch the voltsge surges which accompany
it in all kinds of switches that this resecarch was begun.

Owing %o the late arrival of the cathode ray oscillograph
used in this work and the time ‘delay involved in making it operate
satisfactorily end in making certain changes necessary to adapt it %o
the work, the investigation may by no means be regarded as finished.
If the results so far obtained may be relied wpon, phenomens have
been uncovered which cannot be explained by the accepted arc theory

and which certainly deserve further attention.



THEORY

Fundamentelly, the electrieal discharge characteristics for
electrodes in all different kinds of gases and vapors and at sll
pressures ranging from a fraction of a millimeter of mercury %o
atmospheric or higher seem %o be quite similar. With suitable changes
in scale and relative proportions the curve given by Compton‘zl and
shown in fig. 1 might be adjusted to fit any of these conditions., In
the vacuum switch the mediuwm in which the discharge occurs is principally
vaporized metal from the electrodes. Examining this curve we see that
three types of discharge are recognized: corcns, glow, and arc.

Corona discharge occurs when the gas or vapor medium is
ionized for only a part of the distance between electrodes, With this
type of discharge relatively high applied voltages cause only relatively
small currents (field currents) to flow. If the voltage is raised,
however, ilonization progresses in a cumulative manner and the current
rises at an ever increasing rate until a point of instability,d,is
reached at which the current continues to increase even though no further
increase in voltage ls made. At this point the discharge changes from
eorona to glow,.

In the glow form of discharge the gas or vapor is ionized for
the whole of the distance between the electrodes and the current is
carried by the positive ions and electrons coming from the gas or vapor
with the exception of a few electrons which are emitted from the cathode
by a photoelectric effect of by a secondary emission effect resulting from
positive ion bombardment of the cathode. As may be seen from the portion

4B of the curve, the glow discharge has a negative resistance characteristie,



that is, the voltage decreases as the current is increased. To
maintain this form of discharge the current must be limited by
external resistance or reactance in the circuit.

The arc form of discharge is distinguished from the glow
by the presence of a bright spot on the cathode, commonly called
the "cathode spot.” This spot seems to be a véry abundant source
of electrons. These electrons produce positive ions by collision
with the gas molecules,which, having a slower velocity than the électrons,
build up a positive space charge, which in turn allows the saturation
current to flow from the cathode spot and across the space between
electrodes with very little potential drop: This is illustrated in
the curve in fige. 1 by the closeness with which the arc characteristic
CD approaches the ordinate axis. This potential drop is scarcely
greater than the minimum ionizing potential of the gas or vapor
involved and usually ranges in the neighborhoed of from ten to thirty
volts., J. H, Hamiltcn(s) has found the potential drop to vary from
ten to twenty five volts in the case of vacuum switch arcs for copper,
aluminum, and tungsten electrodes.

Concerning the mechanism of the electron emission from the
cathode, two fheories have been proposed: thermionic emission, and the
pulling of electrons from the cathode by a high field at its surface.
Jde dJe Thompson(4) and Stark(s) first suggested the former theory and
Lengmir(6) the latter ome. K. T. Compton'?) velieves that either kind
of emission may take place and in many cases a combination of the two

occurs,



The transition from glow to arc discharge or vice-versa
seems 0 be more or less erratic. As indicated by the portion TB
of the curve, the glow form of discharge may sometimes persist into
higher currents even though the same current could be carried at a
mach lower voltage by the arc form of discharge., Conversely, as
indicated by the portion TC, the arc may continue to hang on even
though the current is reduced below the value at the transition
point T at which the discharge should normally echange %o the glow
form. The whole transition region is one of great instability and

one in which oscillations commonly occur,



APRPARATUS
Ao THE CATHODE RAY OSCILLOGRAPH.

The cathode ray oscillograph is & very suitable instrument
for investigating electric arc and glow dischsrge phenomena because
of ite gbility to follow the extremely rapid variations of voltage
and current that occur. Freguencies of the order of one hundred
million eycles per second have been recorded with this device. The
uppeyr limit of frequency which it is possible to recqygkis_set by the
sensitivity of the photographic film rather than by any inertis effect
of the cathode ray.

The oscillograph used in this research was a General
Flectric Company development detailed description of which may be
found elsewhere{7). In general, it may be said that it is of the
Dufour cold cathode type arranged to have the photographic film
inside the vacuum champer so that the cathode ray impinges directly
upon it. This increases its sensitivity over the Braun type of
oscillograph many fold. Fig. & shows the essential parts of the
instrument. For descriptive purposes they may be divided into three
parts: the cathode tube, the deflecting tube, and the film bell. The
cathode tube shown at the left hand end in the figure is made of glass
and contains the flat aluminum disk cathode. The deflecting tubs, also
made of glass, contains the electrostatic deflecting plates and is
supported inside a metal cylinder which has holes cut in it to allow
elsctromagnetic deflecting coils to be placed about the tube. Between

the cathode tube and the deflecting tube are mounted two pinholes which



limi% the cathode ray discharge to & narrow beam. 3Both thesé:£¥§
contained in a box lined with sheet copper for the purpose of electro-
stati¢ shielding. Comnections to the deflecting plates and coils are
made through bushings in the back of the box. The film bell is made
entirely of metal and has an end plate which may be removed for the
purposs of changing the film which is contained in a metal film box
quite similar to that of an ordinary camera. The film used is standard
4" x 5".camera roll film on which six exposures may be mede before it
is necessary to let air into the vacuum chanber and reload. Pumps are
provided with the oscillograph which are capable of evacuating the
ghagber to the working pressure in about {ifteen minutes. The vathode
ray trace may be observed visumslly through & port hole im the side of
the film bell on a floureseent sgreen which is swung in front of the film.

The circuit provided for ezxeiting the cathode ié shown in
fig. da., The cathode is connecited throﬁgh a steadying resistance of
60,000 ohms to a small X-ray type %ransformer the secondary ?oltage of
which may be varied from 30 kv. max. t0 65 kv. max. by adjusting a
rheostat in the primary circuit. Alse ineluded in the primary circuif
is a synchronous switch which completes the circuit during only one-half
cyele in every twenty cyecles. It is intended that the operating switch
be closed while the synchronous switch makes one coniact and then be
opened again before the rext contact is made., Thus the cathode is
ezcited by & negative half sine wave of potential.

The sweep coil is intended %0 provide a time axis for the
oscillograms by causing the csthode beara to sweep horizontally across

the film wader the influence of the varying magnetic field which it



sets up. The sweep coil is comnected through a resctance to the sane
alternating current source that supplies the cathode transformer.

Since the sweep coil cirveuit is almost purely reactive, the current in
i% and hence the magnetic field of the sweep coil lags the voltage by
nearly ninety degrees and hence ls passing through sero when the
eathode voltage is near ite maximum. For & short pericd near this

time the cathode voltage is practically constant and the magnetic
field of the sweep coil is varying through zers at & practically
uniform rate, so that a working combination of constant cathode voltage
snd linear time azis is obtained. ,

This system, however, has %wé distinet disadvantages whish
render 1t entirely unsuitable for recovding the vecuum switch are
characteristics. First, the maximum length of time during which a
transient may be recorded is but a small fraction of a half eyele,
whereas it was desired to re?:ord phenomena occurring over one or two
complete cycles. Second, only transients way be recorded which oecuwy
during the part of the cycle that the volitage is near i%s crest. This
second disadvantage might have been overcome by using some kind of @&
voltage phase shifting device capable of supplying sufficlient current
$0 operate the oscillograph; but no such device was available. Another
method would eonsist in operating the oscillograph from a different
phase of a three-phase sourse. This method, however, does not cover
the complete eyele and atbempts o use 1% were without encouraging results,

To overcome the above described troubles it was decided %o
excite the cathode from a steady, high voltage, direct current source.

This kind of excitation was obtained by making the circuit changes



illustrated in fig., 3b. The synchronous switch was eliminated snd the
high voldage from the transformer rectified by means of a kenstron,
using a .02 nfd. condenser for smoothing. The sweep coil cireuid

waes also changed as shown in the same figure. A pair of conkaects were
mounted on the vacuwum switch operating lever and arranged to close the
cireuit connecting a 84 v. storage battery in series with the swesp
coll and the resctance when the vacuum switeclh was opened. The initial
part of the transient exponential building-up current of the reactance
provided & practically uwniform time rate of change of current for the
sweep coll. In order o move the sharting position of the cathode spot
from the eenter %o the left hand edge of the film a small steady dirvect
current (bias current) was sent through the sweep coil from the bias
currend circuit shown in the Sigam.

The above dessribed system gave excellent results and was
used in taking prmfioally all the osecillograms. Its only drawback
lies in.the fact that the life of the cathode was very materially
shortened owing to the greatly inereased time of voltage application.
This trouble was completely compensated for by designing and construct-
ing a new cathode tube in which the cathode may be readily rencwed.

For & Geseription of this tube see the appendix.

Three kinds of eoscillograms were takens; voltage-tine,
current-time, and volbage-current. For the woliage-current oscillograms
some means of preventing the film from being blackened by the repeated
retracing of the voltage and current axes by the sine current wave
before the switch was opened and the sine voltage wave afterward was

desired. This was asccomplished by the "electron shutter™ whose circuit



is shown in fig. 3e. This "shutter” consisted of a coil wound on a
cardboard tube which was aﬁtgched to the cathode tube opposite the
first pinhole as may be seen in fig., 2. The coil was connected to &
6 v. storage battery through a double set of contacts mounted on the
operating lever of the vacuum switch. These contacts were so
arranged that the shutter circuit was closed when the vacuum switch
was in either the open or closed position, but was open during the
time the switch was in the process of opening. The magnetic field
-8et up by a current flowing in the shutter coil would deflect the
cathode ray as it passed through the first pinhole so that it
completely missed the second and so would not reach the film. Thus it
is easily seen that the cathode ray would strike the film only during
the time the vacuum switch was opening and so trace out the are
characteristic without needless retracing of the voltage and current

axXes.

B, THE VACUUI SWITCH.

The vacuum switch used was quite similar in construction %o
one used by F. C. Lindvall in previous work and described in his thesis(s).
Briefly, as shown in fig. 4, it consisted of a glass buld into which
two copper rods carrying the current were brought through the medium
of copper %0 glass seals, One of the rods was rigidly mounted while the
other was connected by a flexible copper bellows in such a way that it

could be moved longitudinally from outside the vacuuam chamber, causing
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the contacts mounted on the inside ends of the rods to be pressed
together or separated. iption was transmitted to the movable rod
by a transverse opsrating lever. Nanual operation was accomplished
by meaans of an insulating rod whieh could be attached to this lever.
For antomatic operation the vacuum switch was arranged to be pulled
open by a steel coil spring atvbached to the operating lever. The
switch was held in the closed position against the tension of the
spring by a toggle cateh whiech could be tripped by an electiric
solenoid. The solenoid was energized from a direct current source
through a synchronous switch which could be adjusted to open the
vacuum switch ab any desired point on the current wave.

Both copper and sluminum contacts were used in the switch,
the area of contact in each case being 0.03 sg. in.

The switch chawber was evacuabed through a liquid air trap
by a two stage mercury diffusion puap backed by a rotary oil fore
pump. The degree of vacuunm was determined by an lonization gauge
constructed from a type 201 A tungsten filament radio vacuum tube
and sealed into the pump %ube as shown in fig. 4. Assuming the
calibration for this type of gauge obtained by Lindvall‘s) o be
correct, the pressure in the switch during the investigation ranged
from 5 to 10 x 10~° millimeters of mercury. No attempt was wmade to
determine the variations in the characteristics with residual gas

pressure.
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C. THE VACUUM SWITCH POVER CIRCULTS.

Oscillograms were taken at three different voltages:
15,000, 30,000, and 2200, The 15,000 volt circuit consisted of a
15,000/110-220 10 kva., distribution transformer, the high voltage
side of which was short-circulted by.the vacuwm switch. The current was
limited on the low voltage side by an iron grid resistor or a water
barrel rheostat. This circuit is shown diagramatically by fig. 5a.
As may be seen, the oscillograph current deflections were obtained br
passing all the current through the oscillograph current coil, while
voliage deflections were obtained by connecting one pair of the electro-
statiec deflection plates acress a portion near the grounded end of e
300,000 ohm mmltiplier resistance connected across the vacunm switch
terminals. This multiplier resistance consisted of fifteen 20,000 ohm
carborundwzn rods mounted on a wooden board and gonnected in a zig-zag
manner to reduce the inductance. A condenser multiplier was tried before
adopting the resistance but the combination of the condenser with the
vacuum switch arc and the inductance of the leads formed an oscillating
circuit the oscillations of which completely masked the arc charscieristic.
For some work the current coil was placed between the vacuum switeh and
ground as shown in fig. 5b. This was done to prevent the charging
current of the transformer capacitance o ground and the current taken
by the multiplier resistance from flowing in the current coil.

The 30,000 volt circuit was similar to the 15,000 voli circuit
exeopt that two identical transformers were used with their high voltage

coils connected in series. This circuit is shown in fig. Se.
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Ho attempt was made to vary the power factor of elther the
15,000 v, or the 30,000 v, circuits. The power facéor as measured
on the input side of the transformer was gpproximately 0.70 lag for
the 15,000 volt circult and 0.60 lag for the 30,000 volit eircuit.

The 2800 volt circuit consisted of & 550 kva. induction
regulator, 15,000/0-3000 volts, connected through the vacumm switch
to a 50 kva. 2200/110-220 volt transformer which was loaded on the
low woltage side as shown in fig. 58. Iaductive loads of power
factors ranging from 0.06 to unity could be obtained by applying &
load consisting of various combinations of reactance and resistance.
Leading power factor loeds were obtained by stepping the voliage up
to 7500 volts by means of a 10 kva 15,000/110~220 volt traansiormer
working at half voltage and connecting static condensers. A change
in the position of the ground from that used in the 15,000 and 30,000
volt circuits was necessary owing to the fact that it was not possible
to remove the ground connection from the regulator.

The magnitude of the eurrents interrupted varied from 0.4 o
14 amperes FoeSe Largef currents were uot used owing to the
limitations of the layoratery equipment. It was realized that these
currents were far below the maximam which the switch was capable of
breaking but this was not desmed %o be of great imporbance in this more
or less preliminary work since it was the phenomena occurring when the
arc extinguishes that we were interested in and this takes place just
before the current wave passes through zero. The work may have some

additional practical interest owing to the fact that these currents are
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of the order of magnitude of exciting currents of transformers or

charging currents to bus structures and shord unlosded transmigsion
lines. GQueerly enough, the interrupticn of these kinds of aurrentsv
has been found,in the case of oil circuit breakers,tc cause the are
%0 persist for a longer ¢ime and %o esuse worse voltage surges than
do currents of full load magnitude., Because of this fact they have

been called "stieky currents® by cireunit breaker design and test men.
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RESULTS

The following data sheets were prepared mainly for the
purpose of determining what conclusions could be drawn as $o¢ the con-
nection between the value of current at which the arc extinguishes and
the maximum value of the induced voltage surge, together with the
variation of these quantities with contact materisl, cireuvit woltage,
and power factor. On account of the meager quantity of the data and
its great variability no very accurate conclusions may be drawn, but
at least some interesting trends are indicated.

The prefix CU %o an oscillogran number indicates that it
was taken with copper contacts in the switch, while AL indicates that
alumimam contacts were used. The 100 series.is for oscillograms of
voltage as ordinate against time as abscissa., The 200 series is for
current as ordinate against time as abscissa. The 300 series is for
voltage as ordinate against current as abscissa.

Table I shows a variation of the arc extinction current for
copper contacts of from 0.8 to 3.7 amperes, with the average at 2.D.

The maximum value of the voltage transient varies from 19 to something over
48 kv., the maxipmm of the 16 kv. sine wave voltage being 21 kv. In a
general way it may be said that low values of arc exitinction current

are accompanied by low walues of transient induced voltaze and vice-versa,
although several exceptions occur.

Table Il shows the corresponding values for aluminum contacts,
In this case the arc extinction current is lower, varying from 0.6 %o

2.0 amperes wlth the average at l.2. The maximwa value of the transient

16



induced voltage is also lower, varying from & kv. to something
greater than 34 kv.

Table III shows the values obtained for copper contacts on
the 2200 volt and the 30 kve cireuits. It appears that for the 2200 volé
circuit the are extinctien current is higher than for the 15 kv. while
the ratio of the maximum value of the transient induced voliage %o
the maximu value of the sine wave yoltage is also higher. TFor the
30 kve circuit the arc extinection current is slightly higher than for
the 15 kv. circuit but the ratic of transient to sine wave voltage
is lower.

Pigure 6 is a current~time oscillogram for copper contscis.
it illustrated very well the rapid rate at which the current falls
off after the arc has extinguished. A twenty thousand cycle timing
wave is ghown traced on the same film for comparison. Figure 7 is
also a current-time oscillogram but for aluminum contacts. The current
in $his case was only 0.8 ampere r.m.8. or l.1 amperes max,, which is
slightly below the average value at which the arc extinguishes for
aluminum contacts.

Figure 8 is a voltage~time oscillogram for aluminum
contacts. 1% shows the transient voltage "kick" at the time the are
extinguishes and also another voltage that occured earlier, perhaps
at the time the contacts first separate, indicating a condition of
glow discharge existing before the arc formed. Figure 9 is a similar
oscillogram for copper contacts. Some of the voltage-time oscillograms

obtained do not show this earlier voltage.
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- Figures 10 and 11 are oscillograms for copper contacts
taken with voltage ordinates and current abscissas., If the “electron
shutter™ had not been used the sine wave alternating current Tlowing
through the vacuwa switch before opening would eause the cathode ray
spot to retrace itself in & hovisontal line across the £ilm once
every half cycle. Similarly, the sine wave voltage across the switch
after the circult has been completely opened would cause the cathode
ray spot to retrace a vertical line bivecting the current trace at
right angles, UWhile the arc ani glow discharges are taking place,
the voltage-current characteristic for them will be traced having the
above geseribed volté.ge and current lines as azes. The Yelectron
shutter® prevents blackening of the film by preventing the spot fron
$racing over axes more than once.

In fig. 10 the trace begine off the right hand edge of the
£ilm before the contacts separate. It travels across the film from
right to left breaking into some form of glow discharge when the current
hes descended %o about one ampére. This discharge has a voliage first
in one direction and then in the other before the current has reached
zero. The glow discharge continues with oseillations while the current
goes through zero and increases in the opposite direction, the voltage
remaining in the same direction. At some value of current so high as %o
be off the film the discharge changes to an arc, in which form it may be
seen coming back on the film at the left hand edge. The arc continues
until the current has fallen t0°'0.8 ampere at which walue the are

extinguishes and a volbtage is induced having a maximm value of 19 kv,
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Since the power factor of the ciroulit is 0.70 lag the transformer
voltage at this %ime is in the opposite direction and 8o the tracs
reverses and after nmaking a saw-toothed figurs starts tracing the
vertical axliss No explanation of the saw-toothed figure has been
founds it appears in the same form in sll the voltage-current
osclllograms taken on the 15 kvs cireuit, for both copper and
alunimum contacts. The form of the figure was different when the
2200 vol% and the 30 kvs clreuits were. .switched as may be seen in
figures 12, 13, 14, snd 1b.

It is hard to conceive of energy being stored by any kind
of discharge in the vacuum switch, but, if the oscillograms may be
trusted, this is what occurs, because in figure 10 the produet of volts
and amperes changes sign no less than three times. Figure 1l is similar
to figure 10 and was taker under the same conditions: I% may be
analysed in the same way that figure 10 has been and exhibits the same
phenomsnon of apparent energy storage although the glow and arc dis-
charges do not take place in the sawme way nor at the same values of
voltage and current.

It was thought for a long time that this effect was due to some
extraneous cause and much effort was expended in trying to eliminate it.
The leads to the oscillograph were made short and separated as far as
possible, various kinds of shielding were tried, the small inductance of
the volitsge mmaltiplier circuit was veried, capacitance was placed across
the switch, different current ceils were used, different measuring eciycuits
such as shown in figure Ba and Bb were tried, all without finding any
indication that the effeet was other than a true one. Interaction between

the voltage and current measuring circuits is ruled out by the fact that
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the current-time and voltage-time oscillograms may be combined to form
& voliage-current oseillogram whieh is of the same form as the ones
obtained.

Figures 12, 13, and 14 are voliage-curreni oseillograms taken
onn the 2200 volt eircuite In the oscillogram of figure 12 the power
factor w&gﬁ?g;éing, in that of figure 15 it was 0.06 lagging, vhile in
that of figure 14 it was unity. Figure 15 was taken on the 30 kv,
eireuit. These all show the same effect of apparent energy storage,
in the 2200 volt cirecult oscillograms particularly the voltage oscillated
on both sides of the zerc axis while the current was continuously of
the same sign. The horizental tail-liks fraces in figures 12 snd 13
connecting with the vertical trace made by the voltage after the cireculd
was cleared have no significance, they were cuused by bouncing of the

"electron shutter™ contacts.
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TABLE I

Yalues for the current at which the arec extinguishes and for the
maximom value of the induced volbage transient obtained by measurement
of the oscillograms,

Copper Contacts. Circuit Voltage = 15 kv. rms. o 31 kv. mal.
Power Pactor = 0,70 lag.

Oscillogram Minimun Haximam of Remarks
nunber ars currend voltage transient
amperes kilovolts
CU-101 24
C-102 23
U-103 &3
CU-20) Sel
=202 3.7
CU-203 3.5
CU-303% 3.2 )29
CU=302 8.2 >e7
CU=-303 801 > 35
GU=-304 2.6 )36
CU=-305 1.8 >35
CU-306 346 > 36
CU-307 .8 is
CU~308 2.2 a7 Oscillations
CU-309 22 &0 "
GU=-313 : 248 36 »
CU=314 1.0 21
{U=315 1.4 38
CU-316 2.5 > 48 Oscillations
CU=31% 2.1 > 46 -
U-316 8.3 22 -
Average 2.5



TABLE 11

Values for the current at which the arc extinguishes and for the
maximum value of the induced voltage transient obtained by measurement
of the oscillograns.

Aluminum Contacts, Circuit Voltage = 1B kv. rms, or 21 kv, maX.
Power Factor = 0,70 lag.

Oscillogram Mininam Iaximm of Remarks
number are euyrrend volbage transient
anperes kilovolts
Al101 534
AlL=102 25
&h»los &
AL-?.GI 0e2 0.8 amp. rms.
Al-202 1.2 1.4 ®w w
Al-~203 1.0 .6 * »
Al 204 1.1 4,6 ® -
Al=2086 1.1 6.0 ¥ w
Al 206 0.7 1209\
AL 207 Deb 1108
2508 1.0 100
LSynch.
Al~-209 1.0 g0°
Switch
Al=210 0.8 80
Position
ADL=811 . 1.0 70e J
AL-30L 1.2 21
Al-302 1.6 23
Ale303 2.0 >87
Al 304 1.4 >384
Al-3086 1.6 i5
Al~307 1.4 13
Al~309 2.1 28
Al~3138 1.6 28
Average 1.2



TABLE III
Values for ithe eurrent at which the arec is extinguished and for

the maximam value of the induced woltage transient obtained by measurenent
of the oseillograms.

2200 volt circuit (see figure H6&) 3.1 kv. max. Copper Contacts.

Oscillogranm Hnimun Iaxiomm of
number are surrent volbaze transiend Remsrks
amperes kilovolts
{0=-323 2.8 B.1 Very lLarge Oscillations 10.4 amp.
17% lead
CB-327 >Beb > 8.7 Oseillations 5.8 amp. 6% lag
CU-328 4ol 8.0 = i "
CU-329 P 23 D 8.7 - - =
CU-330 >33 > Bed @ @ @

30 kv, a.ircuit {see figure 5e) 42.5 kv, nax. Copper Contacts.

CU-331 1.2 > 48,0 3.53 amps. 60.3% Lag
CU~332 46,8 o "
CU=333 2.7 >63.4 " u
CU-~336 4o 65,0 " u
CU-337 2,9 > 53.8 @ "
CU-338 3.8 > 57.1 " u
CU-339 3.7 > 55,3 = r
CU=340 2.5 > 54,0 n n
CU-341 Be1 42.5 " "
Average 2.8



DISCUSSION OF RESULTS AND

SUGGESTICHS FOR FURTHER RESEARCH

The data given in the tables seems %o indicate rather definitely
that the transient voltage surges caused by switching with aluminum
contacts are less severs than those camsed by switching with copper
contacts. Although no cathode ray oscillograms have as yet been taken
with tungsten contacts, previous switching experience with tungsten
indicates that the veolbage surges are much worse than for either the
copper or aluminum. Since the data given in the tables indicates that
low arc extinetion currents are, iun general, accompanied by low voltage
surges, and since the arc conduction is believed to take place in
atmosphere of vaporized contact metal it might be expected that the
are would persist to lower currents, with correspondingly lower voltage
surges if the vaporization tempersture of the contact metal were lower,
Aluminum, with a vaporization temperature of 2000¢ . causes less severe
surges than copper, which has a vaporization temperature of 2200° C.
Pungsten, with a vaporization bemperature of 3700° §, is known to cause
very Severe surges. Lt seems only reasonable to expect that some metal
with & low vaporization point such as Iagnesium (1100°) or Zine {930°)
should cause but very mild voltage surges, perhaps no greater than the
maximun of the circuit voltage. IMagnesium would have the added advantage
of a strong "getter® action when arced which would improve the vacuuii.
In future oscillographic work these two metals should surely be investi-

gated as contact materials.



A good explanation of the apparent energy storage in the glow
discharge has not yet been found. It is well known that the glow part
of the discharge characteristic has a negative slope, {see figure 1) and
this has the effect of a negative resistance,but to the author‘'s
knowledge no one has ever before oblained evidence that the negativ\e“
slope_ continues across the axes in the way indicated by the oscillograms
of figures 10, 11, 128, 13, 14, and 16, If the effect is a falée one
and is due to some extraneoué canse, then further work should result in
finding this out. On the other hand, if the effect is a true one, then
certainly more work should be done to find out more about it. This work
should include investigation of the phenomena for higher switch currents,
and more inves»tigation of the effect ;)f power factor and higher voltages,

besides the use of contacts made of other metals, as described in the

last paragraph.
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APPENDIX

A NEW DESIGN OF CaATHODE TUBE

As has been stated earlier im this thesis, (see APPARATUS,
CATHODE RAY OSCILLOGRAPH} the use of steady high voltage direct current
for exciting the cathode, replacing the single half-cycle voltage pulse
source supplied with the oscillograph, caused a marked shortening of the
life of the cathode. Since the list price on new cathode tubes is
two hundred dollars, and getting a new tube also involved the time délay
of sending to the factory, it seemsd advisable to devise some means of
renswing the cathode more quickly and cheaply.

Aging of the cathode consists in the formation of a %thick,
black film coating on its polished surface. This coating starts at the
center and slowly spreads toward the edges, sometimes forming rather
pretty colored and shaded rings., This coating quite definitely
interferes with the electron emission because the intensity of the
cathode ray trace on the flourescent sereen fades and finally the trace
dis!ppe&rs altogether when the coating covers a considerable portien of
the surface of the cathode.

When voltage is applied to the cathode a thin pemeil of ionization
appears to start from the center of its surface and proceed along the axis
of the cathode tube. Undoubdedly the electronic charge oﬁ the walls of the
tube is the cause of the discharge concentrating along the axis in this
manner. This pencil of ionization is probably made up of both electrons
and positive ions moving in opposite directions. The electrons form the

cathode ray while the positive ions strike the cathode surface and knock



out more electrons from it. If the residual gas were pure and contained
no foreign matter, such asstopcock grease vapor, little or no damage %o
the cathode would result. Atoms of carbon from the stopcock grease,
however, stick $o the surface of the cathode when they strike and
eventually build up the black coating.

In order %o make an old cathode operative again i% is necessary

%o remove the accwmlated film coating. This cannot be readily ac-
complished in the original cathode tube because the only opening into
the tube is a 3/8" hole in which the brass tube carrying the two pinholes
is mounted. Cubting open the tube and sealing it together again after
the cathode has been cleaned causes irregularities in the glass tube
wall which interfere with the action of the electron charge thereon in
concentrating the discharge.

A new cathode tube was then designed and constructed which
seened to solve the problem quite satisfactorily. This %dube is shown
in figure 16 together with the old tube for comparison. It is seen
that the copper to glass seal which joins the glass tube to the metal
supporting flange in the 0ld tube has been replaced by a ground Joing
in the new one, This joint may be readily pulled apart allowing the
cathode to be removed by a special tool which is thrust down the tube.

The film coating may be removed by rubbing the cathode
surface on a piece of very fine emery paper laid on a sheet of plate
glass and dsmpened with alcohol. The cathode may then be repolished
by buffing with Vienna Lime and Jeweler's Rouge.

The new cathode tube seemed to have only one bad feature;

owing to the presence of another greased joiant in the tube itselfd
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the sathode blackened at a faster rate than in the case of the original
tubes This feature caused no great amount of trouble since it was a
simple matter to clean the cathode every time air was let in to change
the film,if it was thought necessary. To carry the improvement a step
farther, however, and eliminate even this trouble, still another cathode
tube was designed and it is expected that it will be construected in the
nsayr fubture.

A drawing of this latest cathode tube ie appended. 1% is
seen that the ground Jjoint has been eliminated by reverting to a copper
t0 glass seal, but one of larger diameter than was used in the original
tube. The assembly consisting of the pimhole tube marked (2} in the
drawing 2nd its supporting plug {3) may be removed after the flange
coupling has been %aken apart, leaving a hole of suff;cient size to
allow the cathode %o be unscrewed and removed by the tool alsc shown
in the drawing.

Another new feature is the tube marked {1l). This %ube is
$0 be connected through a needle valve to the rough vacuum line. I%
will be noticed that the pimholes form the only opening between the
cathode tube and the rest of the vacuum chamber through which air may
flow to equalize the pressurs. If the vacuum in the film bell and
deflecting tube is made as good as the pumps will produce; the vacuum
in the cathode tube may be sgf?gngd %0 the proper degree by opening
the nesdle valve slightly allowing a small amount of gas to flow in
uwadser the influence of the sligh$ly higher pressure in the forevacuum
lines By properly adjusting the needle valwve the inflow through it

may be made to just balance the outflow through the pinholes, aad thus



the proper vacumm for the cathode discharge will be meinteined continuonsly.
If this can be sccomplished one of the chief operabing problems, that of
maintaining just the proper vacuunm, will be solved. It is also believed
that having a harder vacuum in the deflecting tube and the film bell will
result in sharper oscillegraph traces since less collisions will occur
between the electrons in the cathode ray and the air molecules in the

vacuun chamber,
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