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Summary of results.

Initialiy a conditioned vacuum switch opens a circuit with a
small; momentary arc. This arcing releases‘gas from the electrodes
so that with continued opération a definite rise in gas pressure
within the switch was observed. The rate at wihich gas is evolved
was seen to depend both on the value of the interrupted current and
on the cifcuit vocltage, increasing eithef for incfeasing current or
‘for increasing voltage. Further, definite evidence of getter-action
or electriczl clean-up of gas in the switch was obtained. Thus the
resultant gas pressure was found to be due to that part of the
evolved gas not removed by getter-action; and a limiting equilib-
rium case was found in which the gas evolution and getter-action
balance each other to give a constant operating pressure for indef-
initely continued switch operatiom. Lioreover, the pressure range
thruout which satisfactory operation is possible waé determined to
be from that of the best obtainable vacuum to one of the order of

10=% mm, In addition, the tests included rupture of currents that

rent break is possible even with severe heating of the contacts.
Similarly, a limiting value of current demsity of the order of 10,000
amperes per square inch appeared to bé peﬁmiSsible without éffecting
serious damage to the contacts. And, 'in general, copper, the metal
most desirable from a commercial standpoint, was found to give bet-

ter operating results then eithér of the other two metals investigated.



The investigations on which this thesis is based are a part of the
program being followed at the California Institute of Technology as a
result of the highly encouraging‘experiments made on the problem of
breglking current at high voltage in vacua. Those experiments estab-
lished beyond any guestion the scundness of the fundamental idea: that
elternating current of high amperage at high volfége can be broken suc-
cessfully in vacuuwn with no deleferious.arcing. The results of ﬁhose
tests(l) are thus of signal importance, snd by way of introduction wiil
be stmmarized briefly.

Vacuum switch mucber one was built entirely of glass and nad two
leads brot into the vacuum chsmber thru copper disk seals. The circuit
was made and broken between the two slectrodes thru s bridge attached
to an iron nlunger operated externally by a sclenoid. The distance
between the seals, the minimum distance for creepage, was but six inches.
Yot despite these swall dimensions the switch broke successfully curgents
up to 150 amperes at 15,000 volts with no unfavorable symptoms.

Switeh nunber tﬁo was practically identical in comstruction with
thaﬁ of number one, but Lad more generous proportions, and was pfcvided
with a charcoal trap for taking up gas during operations witﬂ the vac-~
v pump cut off. A final test of this model was ma@e after it nad
been standing for three months sealed off from the pumps. The switch
handled in a guite satisfactory mammer currents to 600 amnperes at a

voltage of 15,000, the maximum kv-a. capacity avallable for test.

(1) Sorensen and liendenhall, Journal i.I1.E.E., December 1926.
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These two switches, however, were of a design .ulte unsuited for
commercisl application.  Hence switoh mumber three was built with engi-
neering requirements in mind: The motion of switch operation was brot
into the glass vacuum chamber from the outside thru a flexible copper
bellows, and provided 2 single break between bayonet type contacts
that could thus be mechanically locked outside the switch in either
the open or the closed position. This.third model was found 1ikewise
in test to be satisfactory, breaking a current of 920 amperes at 42,000
volts with but a negligible flash. Aé with switch number two the ac-

tual operating limit remained unknown becsuse of a lack of additional

\\A._/ .

capacity in the testing circuit.

In short then, the obvious'conclusion t0 be drawn from these ex-
periménts is ﬁhat the idea of breaking current in vacuum is sbund.
Sufficient wo:k has been done to show conclusively that the results as
ontlined}can be reproduced again and again; The switch performance is
1ot & maﬁter of chance.

‘The basis for the oneration of the vacuum switch is stated in the
conclusion:zﬁthat if the vacuum ié sufficientiy nigh and all adsorbed
éases have béen removed from the metal electrodes, very large currents
can be_broken withhout formaticn of enough.vaﬁgm to maintain an arc." (1).
Or in other,wqrds two conditions are prerequisite, & proper vacuum, and
cutgassed contacts. Immediately a first question arises: with outgagsed
contacts what ordér of vacuum 1s necessary for successful switching, or
within vhat 1imits of gas pressﬁre will the switch operate without fail-
uré? The tests-feferred t0 give no information as tc vhether or not a
poorer vacuum than thaf employed would have resulted in switch fallure
or satisfactory break. They were performed at the best vacuum obtain-

-5 < pn cin an e r -
mm. of mercury, either with the switcnes on

(2)
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the pumps or with liquid a2ir on a charcoal trap to take up any gas
evolved in switching. The intuitive impression was, however, that the
break could be made in a much poorer vacuwn., Thus, one of the objects
of the research with which this thesis is concerned was to determine

ih a general quantitative way within vhat range of gas pressure in a
vacuum switch successful operation night be expected. Tunis point, how-
ever, was secondsry and required no unique investigation, as the effect
of gas pressure on switching was continuously observable during tie
detailed work on the contacts themselves.

The primary object of this research thus resolved itself into a
general study of vacuum switch contacts of widely different materials
when subjected to abnormal duty. The mechanical and electrical bshav-
ior of the contacts during and after the pefiod;of "conditioning” was
carefully observed, with special attention directed toward any signs
of damage to the contacts thru wear or pitting. Then in particular,
the problem of gas evolution from the contacts is of interest and im-
portance, and was investigated thruout a wide range of currents and
voltages in an effort to determine if the amount of gas set free at
esach switch operation is in any way dependent upon circult voltage or
contact current density. Such information is of course valuable as a
basis for predicting probable switch performance either under normal
duty or overload conditions, since the amount of gas present in the
vacuwn chamber during current rupture appears to be the factor determin-
ing either switch failure or successful opening of the circuit.

Thus, in order to study conveniently the gzs conditions resulting
from switching, as well as to observe the behavior of the contacts

themselves, a small vacuum switch was constructed as shown in figure 1.
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The bulb was of Pyrex glass sealed thru copper-to-glass tube seals to
two flexible copper bellows between wihich it floated, free from the
mechanical strees and vidbration occasioned by switching. From the bulb

the vumping tube passed, thru o liguid air trap and & mercury cut-off,

o+

to a two stage diffusion pump backed with the ordinary fore pump. The
mercury cub-off served as a convenient meané for effectually isolating
the switch from the pumps. The total volume of the switch bulb and
connection to the cut-off was 90 cubic inches.

The switeh itself was made electrically as simple as possible.
Butt contacts, ¢, of end section varying from 0.01 sqg. in. to G.20 sqg.
were screwed. into rods R of half inch diameter copper., The rods were
supported by guides G which fastened to porcelain insulators; one rod
was stationary and was soldefed to the guide Gy at-si, the other was
free to move forth and back thru guide Gz a distance of arn inch, altho
the normal movement or contact separation was aporoximately one fourth
of an inch. The flexible bellows were soldered between guide Go and
an end piece D which in turn was soldered to the movable rod. 3uch
construction was adopted because of the ease with which contacts could

be repiaced; by unsolderin
moved without any manipulation of glassware. An operating lever mech-
anlsm ¢losed the contactﬁ thru a coil spring so that the shocdk of
bringing the contacts together was partially cushioned, and when closed
they were thus held in contact under a fixed compression force of ten
pounds. For manual operation of the switch an insulating rod was used,

vwhile for remote control a solenoid latch device opened the bresker.

And altho the switch was built for convenience in testing, the whole

(4)
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arrangement is nevertheless of a design that cculd readily be adapted
to meet practical engineering requirements, and was thererore entirely
sultable for these investigations.

For measurement of gas pressure within the switch an ionigzation
gage sealed into the pump tube adjacent to the switch bulb was used
Such a gage was particularly applicable to this work as readings could
be taken raplidly and with reasonably consistent accuracy. Haturally,
such measurements were of gage lon. curvent, and in order %o interpret
these currents in terms of absolute pressures a calibration was made
against a HMcCleod gage that was also connected into the pumping tube.
This comparison gave the calibration for the ionization gage as,

P = 3.2°Ig+10"% mm.
for an electron current of one milliampere, and in which Ig is the ion
current in microamperes.

0f course these pressure readings made thus with the ionization
gage are somewhalt open to question since at any given pressure the meas-
ured ion current depends not only on the quantity but alsc on the nature

of the gas present. Yet if the reasonable assumption be made, that
the gas or mizh
switching has always the same esgential composition, the pressure read-
ings will then be consistent with themselves, and comparisons of switch
performance under different conditions will have meaning.
The leads from the ionization gage were brot to two telephone

Jjacks fastened to the cap of a standard pordéelain insulator. The plugs
for these jacks carried the comnections to the meters and filament cur-

rent source, and were removed during switching so that in event of
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failure of the switch the ionized gas in the vacuum system could not
ground the high voltage power source thru the gage meters and connections.

| In general, in this arrangement of the switch more exposed metsal
surface was included within the vacuum than was desirable for these tests.
Purthemore, in combining the several parts of the switch, several sold-
ered_joints were used, which are undepirable from the point of high vac-
uwam technique. Then too, since positive hechanical motion of the con-
tacts by external levers was necessary to insure positive action under
high current densities the copper bellows were employedréo obtain this
flexibiliﬁy, introducing, again, more exposed metal surface as well as
walls that may have been thin enough in spots to be slightly permeable
for gas. And, of course, such an arrangement does not lend itself to
any baking-out prdcess, with the result that some correction was nec-—
essary in the readings of pressufe in the switch to account for gas
coming from expoéed surfaces not directly involved in current rupture.
Such correction, fortunately, was found to be small in relation to the
gas pressure being measure@ so that this extraneous gas introduces no
amblguity in the results. PFurthermore, as numerous trials indicated,
no apprecisble pressure reduction took placs during runs due to the
presence of the liquid air trap.

For power loads to be switched by this breaker various circuits

were employed to obtain a wide range iun current, voltasge, and power-
factor, limited, of course, by laboratory facilities. The maximum kilo-
volt-ampere capacity available for this work was about 2500, single phase
at 15,000 volts. To be sure, such power is insignifigant as far as a
comrercial switching problem is concerned. So, to simulate conditions
of abnormal duty, these tests were done with small switch contacts,

giving'thereby current densities at rupture comparsble with those ex-
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isting in a normal bresker under severe duty. In a 3,000 volt circuit
correspondingly higher currents could be had with resulting densities
in the switch as nigh as 24,000 amperes to the square inch of contact
area. MNost of the testing, however, was done with a switeh duty cycle
consisting of short-circuiting and immediately opening the short on the
high side of a 15000/220 vclt;lo-kv—a. transformer., Under the short-
circuit condition the current thru the switch was approximately five
amperes, adjustable within & range of from three t0 nine amperes thru
a controlling resistance in the primary circuit; and the voltage across
the open contacls was of course 15,000, Other_voltageg were tried, up
to 35,000, as high a value as could be used without external flashover

of the switch.

Y

The numerical date taken were meésurements of gas pressure exist-
ing within the switch subsecuent to various amounts of operation. This
pressure of gas gvolved thru switching was found t0 increase in a quite
consistent way, and gave reprocucible curves of Dressure plotted against
the nwaber of switcoh opsrations. Such curves were obtained in the fol-
lowing way. Tae switch was evacuated to the minimum.pressure obtain-
able and isolated from the pumps with the mercufy cut-off. The test'
cirecuit, containing & properly adjusted load, was then made and broien
" repeatedly thru the switch, with pauses at Intervaels of ten or twenty
operations for measurement of gas pressure. Generally such runs con-
sisted of oﬁe nundred chrcult closings and openings, althc some tests
were extended to switch fasilure, and, in one case, t0 one thousand op-

srations. Careful note was made during each run of time for each read-
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ing in order that comparisomns might be made with curves of pressure

rise in an eguivalent period of time due simply to leskage. From these
latter curves of leakage were obtained pressure values, viaich, by sim-
»le subtraction, corrected the operating data for the effect of extra-

nou

n

gas.
deny runs of this sort were made with coppsr contacts, tungsten,
and alumlnum, all of vhich gave corrented pressure curves of similar
form. During the first few operations of the switch the pressure was
found to inerease rapidly, and with subsequent operation, continued to
increase,_but at a lower rate., Then, in general, after some 80 or 100
operations, tne pressure increased very slowly for a considerablé nn-
ber of additional switching cycles, and then underwent a rapid increase
that usua;ly resulted in switch failure. A4 curve of that forﬁ is given
in figure 2, and is typical of many such runs. The switch contacts
were of copper of 0.01 square inch cross-section, giving, accordingly,
for a current of 3.7 amperes a deusity of 370 amperes per sguarse inch.
48 was mentioned previously, eacir operation, or, as is commoﬁly sald,

each switch cycle comnsisted of closing and immediately opening the cir-

low the current to attain a steady value. after each ten onerations

the gas pressure was moasured with the ionization gege, and values re-
sulted whicn follow a fair curve as shown. Between the readings aiter
90 and after.lOO operations the pressure rose suddeﬁly, but no switch
fallure resulted, even at tae {inal high pressure of 271072 mn. Then
lmmediately following the run the switch vas evacuéted and again cut off

from the pumps for a period of time corvesponcing to that regulred for

(8)



the run, fifteen minutes, while pressure readings for a leakage curve
were obtained. This leakage curve is l1lundicated by the light line in
figure 2 tﬁ t rises slightly from the initial pressure valve, and shows
well the unimpbrtance of this.extraneous gas vwhen compared with that
liberated by switching.

Suck a pressure curve then is indicative of the wsy in wiich gas
is set free Dby the arc attending current rupture; and, indsed, 1t is
not a ciance effect, vut rather, is definitely reproducible. Ilany runs

made under identical ccnditions of current and voltaze gave substanti-

ally the same results. However, after some hundreds of opsratiocns the
amount of gas resulting from a giveﬁ amount of switcaing becomes less
as tne contacts "clean up". Curve {b) of figure 3 indicates thzt ef-
fect, and glves a pressuré after iOO 6perations of one half of that ex
isting 2t the end of the rua of figure 2. Tae curve of figuwe I was

taken 800 operations later than {that of firure 2, and the diffcren

hetween the two indicetes clearly the importance of malking comparative
runs uwnder idsntical conditions. Forx examgle, in order to cusck the
rate of cas evelution et one current density with &hat at snother den-
sity, thes two runs siiculd
dition of the contacts thruout the two curves. Consequently, all
curves that for the pur“ose of cokparison are drawn on the szpe dla~-
gram have been »nlotted from data taken during consecutive runs.

Flgure 3 represents two such rums, the one for cpening the cir-
cult only, and the other for cdosing and cpening the circuit. 4is
would be expected, the curve for the complete switchingrcycle shiovs the

greater anount of gas. The other run, however, representing current
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ructure only, liberated nearly as much gas, and shows that the opening
operaﬁion of the cycle is largely responsible for the pressure increase.
Practically this point is important, for it indicates that a vacuum
switeh should not evidence distress = as does an 0il switch - when it

is closed, conpleting the circuit tc a heavy load; nor should the gos
liberated thru closing the contacts be sulficient in guantity to ren-
der‘the switch inoperative for an immediate opening.

Haturally, these curves represent, In a sense, average values of
pressure incresse, since realings were taken at intervals of ten opers-
tions. The ges resulting frow any cune operstion is not necessarily

one tenth of the observed increment; it may be one tenth, or it may be
one nialf of the total for fhe ten operations. This erratic behavior
may be seen in the following tabulated daté vihich are pressure readingé
taken after single oPeratidns, up to fifteen in number,'for each of four
runs with identical conditions of contacts, voltage, and current. The
contacts were of copper of 0.01 sguare inchi sectiony; the voltage wa.s

15,000 and the current, 3.7 amperes.

Cperation Rosulting preossurcs in micrcamperes

Humber I 11 111 Iv
0 0.2 0.2 0.2 0.2

1 1.5 D.25 0.5 0.5
2 2.0 1.25 Ge5 0.75

3 245 2425 1.76 1.5

4 3.0 2.7 2.25 2.0
5 3.9 3.0 2.5 2.75
6' 4.25 5.25 2.5 2.75

7 445 3¢5 3.0 3.0

8 5.0 S5 3.0 3.5
9 5.5 4,0 3.25 375
10 6.0 4.0 3425 4.0
12 6.5 4.25 4,0 4eD
15 6.5 £.b 4.5 545
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The results of the tests suggest that the vressure rise for any one
current break probably depends on the iastantaneous value of the.cur—_
rent at the time of comtact separation. Then too, variations in arc
conditions probably are introduced by the different speeds of contact
travel which must have resulted, thruout the several rums, from manual
switeh owveration, csusing, in turn, differences in gas evolution.
These reascns for individusl variations in pressure are mentioned here
sinply by way of explanation of the chance crossing of curves {a) and
(b} of figure 3.

Figure 4 shows the behavior of gas pressure when the current in
the switching circuit was changed. The voltage across the open switch
was 15,000 for both runs:; the current for curve (a) was 3.7 amperes,
and- that for (b), 8.4 amperes, giving densities of 370 and 840 smperes
ver sqﬁare inch. These densities, by way of comvarison, are in magni-
tude of the corder a switch would be subjected to in ngrmal service.
These corves, which are tyoical of several sﬁch comparative runs, indi-
cate clearly that the pressure resulting from any numbsr of operations
is decidedly less for the run with the higher density of current.

& somewhat different effect, given in figﬁfe 5, resulted from

.

tests with abrormally high densities. TFor these runs, unfortunately,
by reason of power 1imitationé, a lower voltage, 2300, wgs used; and
direct comparison with the'previous curves can not be mede. However,
the intere;ting fact appears, that even with the extremely high density
of 24,000 amperes to the square inch the pressure existing in the
switeh after 100 operations was only one fifth of that subsequent to

like operation at 15,000 volts and 3.7 amperes. TFurthermore, curves

(a) and (b} for demsities of 3500 and 12,500 amperes per square inch
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show that the switch pressure remained practically constant thruout
the runs. Here again the test results give promise of successful vac-
uum switch performance in commercial service, inasmuch as the extremely
high current density, corresponding sensibly to severe switch duty in
vractice, and high enough actually to melt the contact tips, did not
give resultant gas pressures sufficiently high to cause switdh failure.
.These curves, morsover, when compared as to magnitude of pressure
with those taken at lower current demsities but higher voltage suggest
another factor that greatly infiuences the dquantity of gas resulting
from switchigg. Hence, changes in circuilt voltage were tried while the
current was maintained constant. The effect of such voltage variation
pﬁears sfrikingly in figure 6. Naturally, as mentioned before, thése.
curves represent data taken during consecutive funs, in crder that they
be comparable with one an other. These pressure curves are guite dis-
tinet, and show definitely nigher presSureS-fOr each nigner value of
voltage. Taus it is seen that voltage as well as current in a vacuun
switch influences the gas pressure resulting from operation, a conclu-
sion that was anticipated, in a seuse, ffmn eariier, non-quantitative
work. TFor, in the testing of the three vacuum switches referred to at
the start of this paper it was observed that once the contacts had been
tgeasoned”, or "conditioned" for a given voltage subsequent increases
“in curfenﬁ resuited in nothing buf successful bresks. Or, in bther
words, the vdltage appeared as a factor in the condifioning or outgass-
ing of the switches, but once the contacts were in proper shape higher

current densities at rupture set free no large amcunts of gas.
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These test data have resulted from operation with copper contacts
of 0.01 sguare inch area. The effect on the contaoﬁs themselves éf the
service with extremely high current density was surprisingly little.
During the run madé at the density of 24,000 amperes pef square inch
the contacts appeared to suffer considerable damage, since bits of mol-
ten copper were observed to fly about in the switch bulb. Of course
such behavior was to be expected, as with no switching whatsoever the
high current density alone would very quickly fuse the contacts. This
123 heating togetner with the energy of the arc which maintained.for a
maximum time of 0.01 second after each switch operation dbrot the con-
tact tips to the melting point. TYet current rupture was entirely sat-
isfactory under this extremely unfavorable condition, and very-little
gas resulted from the rum of one hundred ocpergtions. A later examina-.
tion of thé contacts showé& them to have suiffered surprisingly little
damage, as may be seen in figure 7. Some beadiﬁg aopears at the ends,
but the excessive pitting and burning which similar service in eir or

P | R Pt I B T oy o
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of 100 amperes scarcgly any signs of damaege to the contacts appeared}
And for reasonable currents there are no deleterious effects whatever.
These tests with the,very small contact points were repeated for
copﬁer tips of 0.03 square inch area. The results were essentially
the same. FPressure curves identical in character with those previously
discussed werée obtalned, but which exhibited one marked distinction in
that they represent at all times lower gas pressures. The behavior for
high curpent densities was similar to that experienced before, except

that the iimiting density at which contact damage began t0 appear was
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10,000 amperes per square inch. This value is substantially lower than
the 24,000 figure for the smaller area, which is to be exﬁected on the
basis of the well kmown "hot spdt” theory for separating contacts.

That is, the current 1s presumed to localize at points on the parting
surfaces, and thus producs hot spots in spite of the large zmount of
additional area of the contacts. A comparison of the two sizes of cop-
per tips pictured in figure 7 gives an idea of the relative damage ex-
nerienced by the two contact surfaces for the same value of current.

Iimnediately before the form of the larger contacts was destroyéd

with high currenis, and following many runs at low current values and
high voltages, beautiful evidence of "getter action” began to appear.
This "getter' clean-up naturally should be present in the vacuum switch
since conditions are right for it. 4 deposit of contact metal, condens-
ed copper vapor, gradually forms on the walls of the switch_chamber,
~and acts to clean up the gas which is ionized‘at each switeh overstion.
Then too, the copper vapor in the arc of half-cycle duration very prob-
ably taekes up gas by some process not definable. By such an action

the prsssurs ¢
high current density run liberated gas in amounts greater than could
be taien up by the vaporiéed copper and the wall deposit; hence, the
net pressure continued to iﬁcrease with the number of onerations.

¥vidence more conclusive is that offered by the following tabu-

lated data.e They represent one of two similar runs made with a cur-
rent density of 170 amperes per square iunch at a voltage of 15,000.
The number of the operation, the elapsed time from the start of the
ruia, and each resulting pressure as read with the ionization gage in

microamperes are given.
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Operation Pressure Elapsed time
number in minutes
0 0.4 0

10 3¢5 1
20 6.0 2
40 7.0 3
50 8.0 4
80 8.0 5

100 9.0 )
140 10.0 8.5
200 11.0 13.5
300 10.0 20-
400 9.0 26
500 9.5 32
580 9.0 40

At this point the switch was allowed to stand without operation
for a period of twenty eight minutes while the gas pressure was caused

to rise by leakage. The run then continued.

580 15,0 68
600 10,5 *# 70
620 8.5 71
640 2.0 72
A gimilar pressure rise was brot abocut.
640 116.0 85
660 10,0 ** 86
680 10.0 87
700 10.0 88
Again the pressﬁre was increased thru leakage.
700 16.0 96
720 10.0 *=* 97
740 Je5 98
800 9.0 102

And a fourth time the pressure was raised, but to a higher value.

800 31.0 175
820 15,0 *=* 177
840 11.0 1786
860 9.0 180
900 8.6 185
1000 8.5 192



It will be observed that thruout the extended run the gas pressure
tended to maintain a sort of equilibrium value arocund nine microamperes,
equivalent to 2.9 x 10~% mm. of mercury. Initially the pressure rose
to nine or ten, and remained essentially constant. Pressures above
this equilibrium value were reduced by subsequent switching, as noted
in the table by the asterisks. Or, in short, the electrical clean-up,
or getter action took care of not only all gas evolved thru switching
operations, but also that entering as leakage. After 1000 operations
the behavior was identical with that thruout the run, and apparently
the number of switching cyeles could have been extended indefinitely.
Indeed, afier the switch had stood fqr seve?al hours at a poor fore-
vacuum and had then been pumped down again, tpis clean-up action was
as vigorous aﬁd definite thruout a similar run as it was in the pre-
ceding test. This electrical clean-up very likely took place both in
the vaporized copper in the arc, and at the wall deposit, but probably
to the greater extent in the latter way.

This behavior was of course that of copper. The other two met-
ﬁls, aluminum and tunQSten, which were used as contacts gave satisfac-
tory switch performance, and exhibited the same general characteris-
tics as copper under like conditioms. Inasmuch as these two metals,
due to their electrical and mechanical properties, are of less prac-
tical importance than copper they were investigated iﬁ less detailed
fashion. Aluminnm followeq guite closely the characteristic pressure
curves for copprer, but a suspected getter action markedly greater
than that of copper was not found. Tungsten, oﬁ the other hand, while

giving pressure curves for low current values similar to those previ-
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ously obtained, gave radically different results at high current den-
sities. Figure 8 for densities of 4,500, 11,000, and 21,000 amperes
per sguare inch shows rates of pressure rise that increqse with in-
creasing densities. Or, the gas pressure resulting from a given num-
ber of operations is higher for larger current at the contacts. &vi-
dently the clean-up effect of the tungsten arc is not apprecisble,

In general, then, these pressure curves for gluminum and copper
give the characteristic behavior of a vacuum switeh vhen in operation.
And, these curves give as well the range in pressure thru ﬁhich good
current rupture can take place. A further item of ingidental interest
is éhe‘physical appearance of the contacts themselves as they clean
up, or, are conditioned -in service.

The change in outward appearance of the contacts is typical 6f
all vacuum switches that have been studied., The contacts and other
metallic surfaces exposed to the vacuum arc have initially the normal
appearsnce of, say, copper. The first few swiitch operations have in-
varisbly been failures, due to the large amount of surfact gas present,
and the resulting arcs have been gllowed to maintain for brief inter-
vals, limited by safe heating, to augment the surface clean-up. After
several such arcs thé surface of the copper has become blackened with
a thin layer that is apperently oxide. '"Conditioning", tﬁen,‘accu-
rately defined, consists of the removal 6f this surface coating thru
subseduent switching.

The first area of clean copper occcurs at the tips of the contacts
and then spreads in an irregular manner to include more and more of

the metal surface as switching proceeds. The blackened area has in it
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scattered patches of clean metal, curious tree-like designs, Quite
similar to the well-known Lichtenberg figures. Presumnably these spots
result from virtual explosions which open tiny gas pockets immediately
below the oxide layer. 'Such figures in the blackened film cam be seen
on the countact tips which were reforred to before, and on the head of
the vacuum chamber and contact rods, illustrated in figure 9, which
were removed from the original three phase switch assembly. In the
latter instance it Will-be observed that conditioming had only begun.

Cbviously then, a mimimum of metallic surfact to be conditioned
is desired in = switch. The three phase design given in figures 10
and 11 was built with a vacuum chamber almost wholly of metal, the
object beign to reduce the hazard of phyéical damage; and a clean-up
resulted that was unprecedentédly slow. In fact, after many arcs re-
sulting from failure in this switch the clean area consisted of only
a small portion of the contact blade and clips. and a number of scat-
tered figures.

From these anG the preceding rhenomena some notions may be taken
concerning the mechanism of outgassing in a vaquum_switch. Continu-
ously present is the process of slow diffusion by wiich the gas wilh-
in the metal gradually finds its way to the surface and is eventually
pumped out. liorsover, if high electric stress exists at the metal
surface this removal of gas is more rapid, and gas pockets appear to
open in a metal stratum, say a few atoms deep, with explosive violence
that causes an eruptioh of metallic particles as well as the gas.

This effect is of course well known and has been definitely observed

for small wires in strong fields. It exists in The vacuum switch due
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to electric stress, both between open contacts and between contacts
and ground.

Thru switching an additional scavenging resulbs; the arc of mom-
eantary duration, or the arc of failure acts to speed greatly the re-
moval of surface gas, conceivably thru a process of ionization. The
effect of this last process is enormmously groater then that of the

other two.

“7ith such conditioned or so-called outgassed electrodes in a
vactum switch the actual gas-free layer probably extends to a depth
of only a few microns. Subseqnent switching duty teuds to liberate
gas thru the two slow processes, G¢iffusion and electrical stress,
and thru the more vigomous action of mechanical wear and arc vapor-
ization of the contact metal. FEach bit of metal that is removed by
either of tuese two agents exposes fresh material beneath that contains
gas. This gas comes out in quantities that are sufficienfly small as
to cause no failure of the switch; nevertheless, as is evident from
the datza that have besn discussed, gas is contimally liberated by
switen operation. ‘The mechanical abrasion should be megligible for
butt contacts. 4and, to test this point, actual measufements showed
that the gas set free by this action was inappreciable. Thus, the
bulﬁ of the gas given out by operation results from the vaporizaticn
of the contact material.

Fortunately, the vaporization of the metal tending to set gas
free acts definitely, in the case of copper, as a getter, thus keep-

ing down the resulting gas pressure. Tungsten contacts, tho, wien
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subjected to abnormal currents gave off grester and greater amounts

of gas. Tiils difference iu behavior of the two metals is vossible

due tec o situation of this sort. The tungsfen, when coﬁditionad, may
be outgassed to a depth considerably less than that of the gas-free
cooper layer, and the surface vaporization would thus expose a greater
mmber of the infinitesmal gas pockets. Then too, the gefter action
of the ionigzed tungsten vapor is probably less effective than that of
the copper, and the net vesult of increzsing the current density, and
tne vaporization, would be to liberate greater amounts of gas without
the compensating clean-up afforded by coprer.

The gas pressure characteristics for copper contacts justify the

D

notion that getter action takes place in the metallic arc as well as
between the gas and the wall deposit. This metal arc is likewise a
'necessary part of the mechanism by which the vacuun switch:is able to
open altermating current circults without excessive transient voltage
surges. 4s many oscillograms of switch operation show, the current
continues to flow as an arc discharge during the brief time interval
between the instant of contact separation and the instant at which
the normel current weve would have vassed thru its zerc valus. This
arc raintains for a time up to 0.01 second, while the current is car-
ried in some merner, by é gaseons arc, an electron discharge, or a
metallic arc. 4 gas disecharge of sufficient volume to maintain a cur-
rent of several hundred amperes would be an extremely unlikely possi-
bility, since after the brief moment of zero current the gas would
still be present in the switeh chamber to ionize and cause the arc to

restrike. Such 1s the phenomenon of failure thal occurs with new,
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unconditioned contacts, and is accompanied by high values of gas pres-
sure. (Conversely, with clean contacts, current rupture gives only s
slignt increase in the amount of gas. Presumably, therefore, the larger
part of the carriers for the arc must come from some source other than
the gas. Ilonized metal vapor can readily be present in an amount suffi-
cient 1o maintain the discharge; and these ions on becoming neutral as
the current paéses thru zero, unlike those of the gas, condense on the
walls and cther parts of the swifch and no longer are present to cause
‘a restriking of the arc. Such is conceived %o be the general mechaunism
of current rupture, since ﬁhe third possible meams, a pure electron
discharge without positive ions seems improbable.

This conclusion may be somewhat strengthened by a representative
calculation. A mechanism in waich electrons are the only carriers pres-
ent immediately suggests that the are characteristics should be consist-
ent with the well-known space-charge equation. However, the actual cath-
ode;has thus far not been accurately defined; and, accordingly, the area
of the cathode, to which the saturation current is proportional, is not
definitely known. Yet, if as the most favorable value for this area
the whole surface of the contact be taken, and a reasonable contact sep-

s ey e
aration be assumed S

o main-
tain a current of, say, 250 amperes 1is required by the equation to be of
the order of several thousand times that of the measured arc voltage of
twenty volts. Or, in other words, even tho tinls direct application of
the equation is somewhat questionable, the result is interesting in.

that it indicates the marked disagreement between the arc chéracteris-
tics as obseéved and those as expected on the basis of pure electronis

conduction. And the inference is that positive ions must be present in

the arc to reduce any effect of space chargs.
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Hence, for no space-charge in the are, the number of lons squals
the number of clectrons. The current involves both the charges and
the velccities of the carriers, but since the electron velcclty, v,
in the expreésion for the current,

1 = Nev ¢ Kev',
ig predominatcly greater than the ion velocity, v', thle latter msy be
neélected, giving,

i = Hev.
If a fairly low veloecity of 10° centimeters ver second is assumed for
the electrons over the distance of 0.5 centimeters, and, as before, a
current of 100 arperes is taken, N 1s readily computed to be 6.4 x 1014,
the mumber of electrons or ions. I is also equal to the nunber of
atoms present in the arc, of gas and of metal, that are in the ionized
state. Assuming that copper alome is present, the very reasonabie
figure of 6.5 x 10'8 grams of copper results. The energy necessary
to vaporize this amount of metal from the electrodes is considerably
less than one one-thousaundth part of the observed enorgy of
ty watt-seconds actqally dissipated in the discharge. Of course, this
energy 1ls primarily a function of the probability_of the current value
at the time of conﬁact separation. 7That is, with current a simusoidal
function of time, the magnituvde of the current at the instant dhe con-
tacts separate may be anything between zero and the maximum value;
and, accordingly, the resultant arc may be sustained for a length of
time from zerc to 0.0l second with a 50 cycle source. Hence, while

the arc voltage has been found to be essentially constant at 20 volts
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the arc energy and the cousequent vaporization of metal is a variable
quantity. But, for a condition of low arc energy, that is, for a low
value of decreasing current, the amount of metal vapor necessary in
the arc is alsﬁ small. Consequently the belief based on these calcu-
lations that the momentary arc in the vacuun switch is g result of
ionization of contact metal appears to be reasonable.

Finally, in summarizing the numerical data which have been ob-
tained and the deductions made from observed performance, certain sal-
ient results are evident. Initially a conditioned vacuum switch opens
a circuit with a smail, momentary arc. This arcing releases gas from
the elecirodes so that with continued operation a definite rise in
gas pressure was observed. The rate at which gas 1s evolved was
seen to depend both on the value of the interrupted current and on
the circuit voltage, increasing either for increasing.current or
for iﬁoreasing voltage. Further, definite ev%dence of getter action
or electrical clean-up of gas in the switch was obtained. Thus the
resultantgas pressure was found to be due to thal nart of the
evolved gas not remoyed by getter action; and 2 limiting equilibrium
case was found in which the gas evolution and getter zction balahce
each other to give a constant operating pressure for indefinitely aon-
tihued switeh operation. Moreover, the ppessure range thruout which
satisfactory opefafion is possible was determined to be from that of
the best obtainable vacuum to one of the order of 10-9 mm. In additionm,
the tests included rupture of currents that gave excessively high
current densities, and demonstrated that current break is possible

even with severe heating of the contacts. BSimilarly, a limiting value
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of current density of the order of 10,000 amperes per square inch
‘appeared to be permissible without effecting serious damage to the
contaéts. And in general, copper, the metal most desirable from a
commercial standpoint, was €ound to give better operating results
than either of the other two metals investigated.
There remaln, however, certain brief remarks of criticgl and
speculative nature to be made relative to this work., UWaturally,
these investigations have been largely exploratory in scope; they
were intended to determine rather definitely the behavior in service
of the two vital elements of a vacuum'swithh, the contacts, and the
vacuum itself. The results obtained are entirely reasonsble and are
gquite congistent with previous vacuum switching eiperience. iloreover,
they not only corroborate the earlier results and confirm certain sus-
picions as to essential vacuum and possible clean-up action suggested
by the preceding set of experiments, but also afford new information
of a quantitative sort on switch performance. Definitely, these data
are insufficient as a basis for switch design, but nevertheless they
are indicative of probable switch overation under various conditions
of vacuuwm and duty. And, in short, they imply even more favorable
possibilities in vacuuwm switching than earlier experiments intimgted.
Finally, the results obtained here suggest a definite line of
future investigatibn, an intensive study of the inhsrent getter action
:of the vacuum switch when sugnented by some sort of arcing contacts
of metal more favorgble than copper and by more active metallic wall
deposits or adsorbtion surfaces, thus leading toward the ultimate goal,

namely operation independent of pumping eguipment.
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