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SUMMARY

The re-ignition characteristics (variation of re-ignition
voltage with time after current zero) of short slternating-
current arcs between plane brass electrodeés in air were studied
by observing the average re-ignition voltages on the screen of a
cathode-ray oscilloscope and controlling the rates of rise of
voltage by varying the shunting capacitance and hence the natural
period of oscillation of the reactors used to limit the current.
The shape of these characteristics and the effescts on them of
varying the electrode separation, air pressure, and current
strength were determined.

The results show that short arc spaces recover dieleectric
strength in two distinct stages. The first stage agrees in shape
and magnitude with a previously developed theory that all veltage
is concentrated across a partially deionized space charge layer
which increases its breakdown voltage with diminishing demnsity of
ionization in the figld-free space. The second stage appears to
follow complete deionization by the electric field due to dis-
placement of the field-free region by the space charge layer, its
magnitude and shape appearing to be due simply to increase in gas
density due to cooling. Temperatures calculated from this second
stage and ion densities determined from the first stage by means

of the space charge equation and an extrapolation of the temperature



curve are consistent with recent measurements of arc values by
other methods. Anslysis of the decrease with time of the

apparent ion density shows that diffusion alone is adeguate to
explain the results and that volume recombination is not.

The effects on the characteristics of varlations in the perameters
investigated are found to be in accord with previous results and

with the theory, if deionization mainly by diffusion be assumed.
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I. INTRODUCTION

It has long been known (1) that short alternating-current
arcs between electrodes of such low-boiling-point materials as
brass, zinc, or cadmium are much more difficult to maintain
than ars arcs between electrodes of the more commonly used
high-boiling-point materials, such as copper, iron, or carbon.
In fact, the earliest investigator (1) of this effect designated
the former class of materials as "non-arcing metals". Such
metals were employed as electrodes in the multigap type of
lightning arrester which made use of their "non-arcing" property
to interrupt the flow of pt;wer current following a discharge.

More recent investigations of gshort metal-electrode A-C.

arcs{2:3.4) pave shown more exactly the magnitude of this effect

(1) Wurts, "Lightning Arresters”, Trans. A.I.E.E. 9, p. 102 (1892).

{2) Todd and Browne, "Extinction of Short A-C. Arcs between Brass
Electrodes" and "Restriking ofShort A-C. Arcs", Physical Review,
36, pp. 726-737 (1930).

(3) Browne, "Extinection of Short A-C. Ares", Trans. A.I.E.E., 50,
p. 1461 (1931).

(4) Slepian and STrom, "Arcs in Low-Voltage A-C. Networks", Trans.
A.1.E.E., 50, p. 847 (1931).



and its dependence on the boiling temperature of the electrode
surfaces 2nd upon electrode separation. Within limits, the "non-
arcing" property was found to increase as the arc length and the
electrode boiling temperature diminished. The purpose of this
investigation has been to explore this effect more in detail in
hope of further clarifying both it and the gemeral theory of the
re-ignition or extinction of a short A-C. are. Specifically, the
effects on the "arc re-ignition characteristic" (curve of
re~-ignition voltage ve. time after current zero) of varying such
conditions as electrode separation, are current, and gas pressure
have been investigated.

The engineer is generally interested in this subject from a
negative standpoint, desgiring to know how arcs, usually at
atmospheric pressure, may be prevented from re-igniting, since in
engineering experience arcs usually occur during the opening of a
circuit by a switch or as a result of insulation failure or flash-
over. As pointed out some years ago by BIQPIAI(S). the re-ignition
or extinction of an A-C. arc following a moment of zero current
depends upon the outcome of ™A kind of race" between two apposing
quantities: (1) the voltage applied to the arc terminals by the
circuit, and (2), the "dielectric stremgth" of the arc space, or
voltage required to re-ignite the are. Both are functions of time

after current zero. The recovery of voltage across the arc

(58) Slepian, "Extinction of an A-C. Arec", Trans. A.I.E.E., 47,
p. 1398 (1928).



terminals depends mainly upon the characteristics of the ecircuit
and so can, at least in simple cases, be calculated by well-kmown
principles. The dielectric recovery of the arc space, however,
cannot be accurately predicted evem in principle, depending as it
does upon relatively complex phenomena associated with the arc
itself. Consequently the obtaining of further empirical knowledge
of arc re-ignition characteristices seems to be desirable from a

practical as well as from a theoretical point of view.



4.

I1. THEQRY

1. Arc Re-ignition. An alternating-current arc differs from a
direct-current arc in that it essentially ceases to exist, or
"zoes out", twice during each cycle as the current passes through
its zero value. ¥Following each current zero, then, the arc mast
be re-ignited with current flow reversed, the electrode formerly
the anode becoming the cathode and vice versa. Im arcs with
thermionic cathodes, both electrodes seem to be hot enough for
adequate thermionic emission and remain so during the very brief
current~zero period. Therefore, the voltage required to re-ignite
the arc in the new direction is little if any greater than its
normal burning voltage(2). Arcs between electrodes of such re-
fractory materials as carbon and tungsten are of this type. With
most other electrodes, however, the temperature of the cathode
surface is limited by boiling of the electrode material (or in
special cases by motion of the arc terminals) to a value far too
low for appreciable thermionic emission. #Por these arcs some
mechanism other than thermionic emission must therefore be
responsible for the preduction of the electrons at the cathode.
The commonly accepied theory is that the electrons are pulled
out of the cathode by the action of a very high field of the
order of 10% volts per centimeter or more resulting from a very

dense space charge sheath of positive ions(6). An alternative

(6) Langmuir, "Positive Ion Currents in the Positive Column of
the Mercury Arc", &. E. Review, 26, p. 735 (1923).



theory is that the high energy input into the gas layer adjacent
to the cathode surface results in thermal lonization of this layer,
all of the electrons coming from the "cathode spot" originating
here and all of the current to the cathode being carried by
positive ions(7). Either of these two theories of the "cold
cathode" of an arc requires a very high current density and
therefore a high density of ionization at and of energy input to
the cathode layer. Consequently, by either thesory the requisite
conditions for the existence of an arc cathode must disappear
with extreme rapidity upon cassation of the sustaining current.
In any case, they should not be present initially at the incoming
cathode, which was the anode just before current zero. In the
absence, then, of thermionic emission or of other extrsneous ion-
izing agents, the re-ignition of an A-C. arc between closely
spaced electrodes must be entirely similar to the ordinary
breakdown of a spark gap, except that in this case the gas between
the e2lectrodes is mlready considerably ionized as a result of the
previous half-cycle of arcing. The re-ignition of an A-C. arc
was first analysed in this way by Slepian(5), who proceeded on
this basis to derive an approximate expression for the arc re-
ignition voltage as & function of time. The theory deseribed
below is essentially his.

2. Space Charge Formation. The spark breakdown of an
initially ionized gms between plane parallel electrodes differs

(?7) Slepian, "Theory of Current Transference at the Cathode of
an Arc", Phys. Rev. 27, p. 407 (1926).



markedly from the breakdown of a normal unionized gas chiefly
because of the extreme distortion of the electric field by the
presence of the ions. The gas initially contains almost equal
numbers per cm.” of positive and negative ions, the negative ions
being mainly electrons at the temperature existing in the arc
core at atmospheric pressure. Thus, there is no initial net
charge density, or "space charge", so long as there is no applied
voltege. When a potential difference appears between the
electrodes the ions move under the influence of the resulting
electric field. Becsuse of their very much smaller mass (thousands
of times) the motion of the electrons is so much more rapid than
that of the positive ions that the motion of the latter may be
completely neglected during the first few miero-seconds under
consideration, at least as a first approximation. At the new cathode
the electrons are repelled, leaving behind a region occupied only
by the relatively stationary positive ions, and, therefore, being
now & region of net positive charge. Because of this space
charge 2 high, non-uniform gradient, obtainable by integratiom

of Poisson's equation, exists in the space, having a maximum
value at the cathode surface and a minimam value at the outer
boundary of the space charge region. The electrons will continue
to move, causing the space charge boundary to recede from the
cathode, until all of the applied voltage is impressed across the

"space charge sheath" and the gradient at its far boundary is



therefore reduced to zero. Calculation of the thickness of this
sheath in terms of the applied voltage and the density of positive
charge is 2 simple electrostatic problem. Only slightly less
simple is the calculation for steady-state conditions, considering
also the motion of the positive ions. Within the space charge
region the ions move with a velocity proportional to the field
(assuming its thickness to be large compared with the ionic mean
free path) from its outer boundary to the cathode surface. Since
the field outside of the region is zero, ions reach the outer
boundsry only by diffusion, at a rate given by :

y = % ne (1)
where Y is the number crossing a square centimeter of the surface
per second, n is the ion density just outside the region, and ¢
is the average velocity of thermal agitation of the ions. The
carrent density flowing across the sheath is thus:

1 =1 nee (2)
4
where e is the electronic charge, assuming singly charged ioms.
The equation for the thickness of the space charge sheath under

these conditions 1s:

Y e i 3
e - (3)

as first derived by Aston(8),
In this equation V is the potential differemce applied, k is

the ion mobility (ratio of ion velocity to field strength), and

(8) Aston, "Experiments on the Length of the Cathode Dark Space
with Varying Current Densities and Pressures in Different Gases",
Proc. Royal Soc. 79 A, p. 85, (1907).



d is the resulting thickness of the sheath. ZXEliminating i between

equations (2) and (3) gives:

L 2.
a= 1 (2. x ) v (4)
2 nmec n?

for the sheath thickness in terms of applied potential difference
and ion density. Changing to practical units and taking the
electronic charge e = 1.59 x 10-19 coulombs, this becomes

approximately:

re-ignition to occur, this space charge layer of thickness d mast
be broken down by ionization by collision. This will happen if
and when the applied voltasge V becomes egual %o ths breaskdown
voltage or dielectric strength of the resulting space charge layer.
Since a certain minimum voltage, of the order of the cathode drop
in a normal glow, is required for spark breakdown of a2 gap, how-
ever short, the cathode layer will be able to withstand voltages
up to this minimum value as soon as it is formed. Since practi-
cally all of the voltazge applied across the arc electrodes is
known to appear across this cathode layer(%:10), at least this

minimum breakdown potential (of the order of 200 or 300 volts)

(S) Dow, Attwood, and Timoshenko, "Probe Measurements and Potential
Distribution in Copper A-C. Ares", Trans. A.I.E.E. 52, p. 926 (1933).

(10) Timoshenko, "Die Lichthogenwiederztindung als Durchschlag in
stark ionisierten Gasen", Zeit. fir Phys., B84, p. 783 (1933).



will be required to re-ignite the arc a2s soon after a current zero
as it is possible for any practical circuit to apply appreciable
voltage to the arc terminals. Recovery of further dielectric
utrenéth will take place as de-ionization results in growth of

the space charge layer to thicknesses everywhere greater than the
minimum sparking distance. Because of the relation between sheath
thickness d and applied voltage (equation (4a)), the actual
breakdown voltage, or dielectric strength, of an ionized gas can
be found only by eliminating d between (4a) and an equation giving
sparking voltage as a funetion of d. Thias latter functional rela-
tion is known enpirically(11*12’ for atmospheric air and some
other gases in the absence of space charge. The presence of the
space charge in the cathode layer will se distort the electrie
field, however, that the actual sparking voltages, will be much
less, at least above the minimum point, than those given by such
curves. They will 2lso increase less rapidly with increase in 6(11).
Because of this situation, it would be clearly impossible to pre-
dict accurately the breakdiown voltage of the arc space, even if
the ion density and temperature at the sheath boundary and iom

mobility within the sheath were accurately known. Inecidentally,

(11) Slepian and Mason, "Electric Discharges in Gases - III®,
Elect. Eng. 53, p. 512, (April, 1934).

(12) Schumann, "Elektrische Durchbruchfeldstarke von Gasen"
(Springer).
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the ion mobility is not a constant at the existing field strengths
but may be expected to vary as x* , where X ie the field strength.
Also, where the mean free path is an appreciable fraction of the
sheath thickness, 28 it may become for very high ion densities,

the eoz;c.pt. of mobility loses much of ite meaning and the accuracy
with which equations (3) and (4) can be applied is still further
impaired. Consequently, only very rough calculations on the basis
of this theory would seem to be Jjustified.

s B tions Affect ielectric Strength A frequently
used rough npproximttion to the sparking péotential - distance
curve for air at atmospheric pressure and ordinary temperatures is
the relation:-

V = 30,000 4 volts ()

which agsumes a constant sparking gradient of 30,000 volts per
centimeter. This is much too low for ordinary air at distances
much less than a centimeter but may be nearer to the true value for
short spaces containing space charge. Becsuse of its simplicity
it ie useful for approximate estimates of dielectric strength of
the arc space, which alone are justified by the present status of
the theory. To sccount for the reduced demsity resulting from

the higher-than-normal temperature of the arc gases, equation (5)
must be modified by the application of Paschen's law to the form:-

Vv =230,00 a4 _To volts, (&)
[

where Tg = 273° K and T is the absolute temperature of the arc



gases, Then, eliminating d between equations (6) and (4a) gives

for the breakdown voltage:-
4 i é ’ % ( T ) i

This equation reveals the role of deionization (decrease in n)
in dielectric recovery and also indicates the importance of
temperature of the gas. (Since both k and ¢ vary as !% at
constant pressure kfc 1s independent of temperature.)

To take into account changes in pressure, both equations
(6) and (7) must be further modified. By Paschen's law, (8)
becomes :-

V=2300004 To p volts, (6a)
T

. where p is the pressure in atmospheres. Since the ion mobility, k,

0
varies as p 2 at constant temperature, (7) becomes:-

19 3 =
¥= 6.8x iD Ko . f ‘(’__%_) .y volts, (7a)
Co

where k, and -éo are nov the values of mobility and average thermal
velocity at one atmosphere and 0° C.

o of Dielectric Recovery. In any practical case the
quantity in equation (7a) which may be expected to vary most
rapidly with time is n, the density of positive ions in the field-
free region just outside of the cathode layer. Here deionization
will be taking place by diffusion to the bonml;ri« of the "plasma®

region and by direct recombination. Previous calculations on



deionization by diffusion in the short arc space appeared to show

it to be far too slow alone to account for the observed rates of
dielectric recovery and the effect on these of electrode soiaarntion(Z).
Recombination has been shown to be important, nowever(5). For equal
densities of pogitive and negative ions the rate of recombination

is given by:-

—%— --0‘12 (8)

where n is the density of ions of one sign and o is the coefficient

of recombination. Integration gives:-

i = X § - . - (9)
n ng

where ng, the initial ion deneity, is very large ms it is in the

arc space at current zero, .l__ may be neglected in comparison
no

with «t when the time t becomes apprecisble and equation (9)

becomes simply:-

P = ol § (10)
n
According to both experiment and theory o should vary approxi-
mately as the inverse cube of the temperature near atmospheric
pressure and directly as the pnlmre(u). Hence, equation (10)
becomesgi-

3
1.a, (_..3_’) pt (11)

(11) Thomson, "Conduction of Xlectricity Through Gases", I, p. 35
and p. 52 (Cambridge, 3rd. Edition.)
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where of, is the recombination coefficient for the gas under
consideration at 0° C. and atmospheric pressure. Substitution in

equation (7a) gives:-

9
Ye 88330 Np=e ( !H‘ .97 . % velts (12)
Co T

for the complete dielectric recovery squation according to the
above agssumptions. The great importance of gas temperature in
dielectric recovery of the arc space is now clearly revealed. Since
the initially very hot (severaml thousand degrees) arc gases may

be expected to cool repidly during the current sero period, the
actual shape of the dielectric recovery curve should be concave
upward rather than straight as indicated by equation (12). Also,
the dependence upon temperature should be even greater tham im (12)
at the higher temperatures, because of the diminishing probability
of electron attachment to form negative ions, an essential element
in the recombination process, at very high temperatures. Another
reason for upward concavity of the dielectric recovery curve which
may be operative at the shorter times is the departure of the
actual sparking voltage-vs.-distance relation from equation (6a)
when d is near the minimum sparking distance. This will result in
the curve passing not through the origin as shown by equation (12)
but through a value of a few hundred volts at zero time.

It should be noted that equation (12) applies only for the

assumed condition of two distinct regions between the electrodes: ,
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the space charge sheath and the field-free plasma region, the
latter constituting the source of ions for the former. ZEventually
the sheath will grow until it completely displaces the plasma,

thus eliminating its own ion source. When this occurs the electric
field will very quickly sweep away all of the remaining positive
ions, leaving the arc space completely deionized. From this point
on d is fixed and so further dielectric recovery will take place at
a slower rate due only to the increase in density of the gss with
diminishing temperature, as shown by equation (6). At this peint
loss of the field-distorting space charge may produce an actual
discontinuity in the dielectric recovery curve as well as a2 sudden
change in both slope and curvature. Beyond this point the dielsctric
strength of the arc space should approach asymptotically the normal
sparking voltaze of the gap. The time of oeccurrence of the transi-
tion point will depend, of course, on both the electrode separation
and the rate of deionization.

6. Phenomena at the Anode. In the above approximate treatment
of dielectric recovery it has been assumed that all of the spplied
voltage is consumed by the space charge sheath at the incoming
cathode, no drop occurring in the plasma region or at the anode.
The only measurements of potential distributiom in the arc space
during the reignition period so farrnado(9-1°) essentially confirm
this assumption for a 1l5-em. 25-ampere copper-electrode arc in
air. 1In these measurements no drop in potential was ever detected

in the inter-electrode region and the anode drop did not exceed
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about 20 volts. Under different conditions, however, it is con-
ceivable that the anode drop just preceding breakdown of the arec
space might become large enough to add appreciably to the total
breakdown voltage. The anode drop can also be negative, subiracting
from the total re-ignition voltage. According to Langmuir's theory
of probes the megnitude and sign of the anode drop will depend on
the relative msgnitudes of the diffusion, or "random" electron
current in the plasma and the current being carried by the discharge.
Thue, if the electron density and temperature next to the anode is
high and the "Townsend" current preceding breakiown small, the

anode drop should be negative. If the conditions are opposite it
should be positive. In the absence of information to the contrary
it is probably justified to assume that the anodﬁ drop, whether
positive or negative, will be small compared with the voltage drop
at the cathode during the re-ignition period.

7. Jonizing Activity. In this éiscussion it has been assumed
that the normal ionizing sgents in the arec suddenly stop their
activity with cessation of the arc current. In the positive column
where ions are believed to be produced thermally(12) this should not
be strictly true since gsome finite time is required for cooling of
the gas. Recent studies have shown this "time of relaxation" in the

arc to be of the order .00l second(13), This is the time required

(12) Compton, "Theory of the Eleetric Arc.", Phy. BRev. 21, p.266 (1923).

(13) Suits, "High Pressure Arcs", G.E. Review 39, p. 194, (1938).
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for cessation of the ionizing activity after a sudden stopping of
the current. In the A-C. arc, however, the current may be
decreasing so rapidly just before current zero that eguilibrium
conditions do not exist. The result may be that the last few
tenths of an ampere may be carried by virtue of the ions previously
formed without the necessity of any further ionizing sctivity, if
the ion density is diminishing by recombination no faster than is
the current. Therefore, it secms likely that at current zero the
production of ions in the arc may have already practically stopped
and the assumption of no ionizing activity during the zero-current

period other than that due to the electric field is Jjustified.
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ITI. EXPERIMENTAL PROCEDURE

1. Method. All of the experiments to be deseribed in this
thesis were made with continuously burning A-0. arcs between
plane brass slectrodes in air “' atmospheric and lower pressures.
The current was limited by means of almost pure reactance to
values of 12.5, 25, and 50 amperes r.m.s., respectively, in a
circuit essentially the same as that of Figure 1. The voltage at
which re~-ignition occurred was measured directly on the fluorescent
screen of a cathode-ray oscillogcope of the Braun, or sesled glass
tube type (R.C.A. 904). The natural period of oscillstion of the
circuit and hence the time nftar current zero a2t which re-ignition
occurred was controlled by varying C (Pigure 1). The time
corresponding to the measured re-ignition voltage was calculated by
means of an equation given by Attwood, Dow, and Kransniek, (14):-

e = E -~ Egcos (v t +0) (13)

in which E is the peak value of the applied A-C. voltage, w is 2n
times the natural frequency of the eireunit, given byi-

v _ L. , and
YLe '

Ey is the maximum amplitude of the voltage oscillation about E,
given by X, =E - e, , where e, is the "negative maximum" of the
oscillation, measured from the zero axis. © is the phase angle by

which the negative maximum lags behind the moment of zero current.

(14) Attwood, Dow, and Kransnick, "Reignition of Metalliec A-C.
Arcs in Air®", Trans. A.I.E.E., $0, p. 949 (1931).
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It is given by:-

@ = tan™?! » % =)
i-5

where E, is the value of the arc voltage at cufrent zero. A typical

re-ignition transient is represented in Figure 2, in which the above
quantities are labelled. Becsuse of the very short time involved,
the applied circuit voltage remains practically constant at its
maximam value, E. As the arc current iy, (shown by the heavy dotted
line) approaches zero at its normal rate it eventually reaches a
value &t which the arc is no longer stable. At this point the ard
suddenly fails and the current drops immediately to zero. From
here on until re-ignition occurs the arc space conducts practically
no current and so the voltage is determined entirely by the circuit
constants and the initisl conditions of the oscillation. Thesge
initial conditions are the initial wvoltage, Ej, and the value of
the arc current just preceding arc failure, I;. Since the current
in the inductance cannot change suddenly, it continues to flow,

not now into the arc, but into the capacitance C, causing the
voltage across the capacitance and inductance in parallel to rise
from the value it has at t = 0, E - E;, to the value Ey = E - ey

at t = ty. The amplitude of the oscillation, By, and consequently
the negative maximum voltage, ep,will thus be determined by the
magnitude of I;. Iy is generally of the order of 0.1 ampere, but
depends to some extent on the circuit constants and probably also

on the arc conditions. It is subject to large random variations
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from one half-cycle to the next. Following re-ignition at t = &g
the discharge carrying current in the new direction usually takes
the form of a glow, at least in the case of the low-current arcs
studied, changing discontinuously to an arc again when the current
reaches a value, also subject to large random variations, suffi-
cient to maintain a stable arc. The two types of discharge are,
of course, identified by their characteristics voltage drops,
practically all of which occur at the cathode. The cathode drop
of a normal glow is of the order of two or three hundred volte,
while that of an arc is only ten or twenty volts.

To caiculato the duration of the current zero period, tg,
equatia (13) can be solved for t and the re-ignition voltage eg

substituted for e. In terms of measured quantities this is:-

tg= VTG [ cos™l B - e5 + tan-11//E ~ ey \2 _,  (1e)
E - eq l*’]_

If L ie expressed in henries and C in micro-microfarade, tg is
given conveniently in micro-seconds. For very small values of C,
the absolute value of e, tends to become greater than the normal
glow wltagg. When thie occurs arc failure generally results in
transition to a "negative glow" before the current finally drops
to zero, giving the situation represented in Figure 3. For this
case the initial voltage Ej is identical with the negative peak ep
and so the arc tangent term in equation (14) drops out, leaving

the simpler form:-

tg =) L C cos~l B - e (14a)
E-en



In representing the results of the experiments the values of
re-ignition voltage eg were plotted against the corresponding
calculated values of tg. For each arc condition a series of such
points was determined for values of the parallel capacitance C
varying from only the distributed capacitance of the reactors and
leads to the largest value (usually) at which the arc could be
maintained. The curve determined by these points was taken to
represent the recovery of dielectric stremngth by the arc space

with time after current zero.
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IV. BRESULTS

Figures 15 through 36 represent the results of 527 tests.
Results for a 25-ampere arc are shown in Figures 15 through 26,
for & 12.5-ampere arc in Figures 27 through 34, and for a 50-
empere arc in Figures 35 and 36. Curves were obtained at 25
amperes for electrode separations of 0.45 mm., 1.0 mm., 2.05 mm.,
and 4.13 mm., for pressures of 1, 1/2, and 1/4 atmosphere in most
cases and for 1/8 atmosphere in one case. The actual measured
pressures were 739-748, 370, 185, and 92 millimeters of mercury.
The 12.5-ampere arc was investigated only at one atmosphere and
1/2 atmosphere. Two recovery curves were obtained at 50 amperes:
one at one atmosphere and one millimeter and one at 1/2 atmosphere
and 2.05 millimeters. Only the first 200 microseconds were
investigated as beyond this time the re-ignition voltage generally
became very erratic and freguently so high that the are was
unstable in the 690-volt circuit. The distributed capacitance of
the circuit (about 150 micro-mierofarads) placed a lower limit on
the times which could be studied of from 3 to 10 microseconds,
depending on the voltage and current settings.

1. General Discussion. With a few exceptions, the curves
are divided into two distinct regions, the first region concave
end the second convex upward or nearly straight. The curves of
Figures 35 and 36 are clear-cut examples of thie. In other cases,

such as Figures 15, 16, and 17, the situation is not so clear, but



the otherwise anomalous occurrence of different re-ignition voltages
existing simultaneously can be readily explained by assuming that
the dielectric recovery was of the same types in these cases also.
The apparent overlapping of the two portions ef the curve in
Pigures such as 20, 23, or 24 is believed to be due to random
vari;tions in the time at which the actual dielectric recovery
broke sharply upward, as shown by the dotted lines representing
limiting cases. In such regions two distinet groupings of the
re-ignition voltagze values were observed on the osecilloscope

screen. In some cases it was apparent that these double wvalues
were associated with the occurrence or the non-occurrence of a
"negative” slow before current zero, the two values falling on the
same smooth curve when this was taken into account. In other cases,
however, double values occurred in the complete absence of 2 nega-
tive glow and of such digparity that they could not possibly lie

on the same continuows curve. Intermediate values may have been

of frequent occurrence, but as they were not grouped closely they
were not observed as "points". The frequently occurring breaks at
the upper ends of the lower branches of the curves, as in Figure 16,
were interpreted as indiecating that the individual recovery curves,
varying from one cycle to the next, turnmed up sharply =t or prior
to these breaks, their slopes becoming equal to or greater than

those of the applied voltage curves, (See Figure 11.)
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2. Agreement with Theory - Upper Region. The characteristic
division of the curves into two regions with a point of discontinuity

between agrees perfectly with the prediction of the theory already
described. The first concave-upward portion should represent
dielectric recovery due to the space charge growth associated with
deionization, as given by equation (72) or (12). The second flatter
portion should, then, represent dielectric recovery of the arc

space according to equation (6a), due to increasing density of the
now completely deionized gas as it cools. Assuming this to be the
case, the temperatures indicated by the observed dielectric strengths
in thies second rogion were calculated (see Appendix D) and plotted
ag functioneg of time in Figures 15, 16, 17, 23, 26, 35, and 36. The
temperature curves of Figures 15, 16, and 17 are re-plotted to the
same scale in Figure 37 to show the effect of electrode separation
on the apparent cooling. PFor the shorter arcs the values of
temperature thus obtained are enuroiy reasonable and the shape of
the cooling curves, nearly exponential, is just wvhat would be
expected. The assumption upon which the temperature calculation is
based, complete deionization, evidently does not hold for most of
the curve of Figure 17 for 2.05 mm. separation, the values so
obtained becoming improbably high.at the shorter values of time.
Inspection of Figure 17 shows, moreover, that there is a "hump® in
the dielectric recovery curve beginning in the vicinity of 130

microseconds (time decreasing), apparently indicating a gradual
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transition between the two types of recovery. It is suggested

that this gradualness of the transition may be due to the

existence of thermal ionization of the gas at these high temperatures.
The dotted extrapolation of the 2.056 mm. curve shows the wvariation

of the actual gas temperature as estimated by comparison with the
other curves. This dotted curve, as well as those for the shorter
arcs, is consistent also with the value of temperature, 4050° K,
observed by suits(13) for a D-C. arc between copper electrodes.

3. Analysis of Lower Region. The lower, or first portions of
the dielectric recovery curves are of particular interest from both
a theoretical and a practical viewpoint. From the standpoint of
circuit interruption, the first few microseconds are of greatest
importance because they are of iwportance in the interruption of
the most difficult cirecuits: those having the highest voltagze
recovery rates. Also, as farther analysis of the results will show,
this firit deionization period tends to become longer ss the arc
carrent is increased, and again it ie the high-current cases which
generally present the most practical difficulty. Furthermore, high-
current short circuits usually have high recovery rates associated
with them. Hence, in cases of practical interest to switeh
designers it is this first type of dielectric recovery which is
generally of interest. From the theoretical standpoint, it is this
first portion of the curves which may throw some light on the

deionizing processes in the arc space.
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The curve of Pigure 35 was chosen for detailed analysis because
of its clear portrayal of the general type of recovery and becazuse
its conditions (atmospheric pressure, 1 mm. separation, 50 amperes)
most nearly spproach those of practical interest. The temperature
carve calculated for the upper portion was extrapolated as shown to
give an estimate of the gas temperature during the first 43 micro-
geconds. Both curves are re-plotted for this region to an expanded
scale in Figure 38. On the basis of these curves of breakdown
voltage and temperature and the curve given by Slepian and Mason(1l),
derived by them from Schumann{l2) of sparking voltage vs. pressure-
times-seperation (see Figure 57 and Appendix E) for plane electrodes
in air already used in the teuporatur# ealcalations, the space
charge sheath thickness reguired te withetand the observed voltages
was celculeted and plotted ii Figure 38. Thies rises smoothly at an
increasing rate from a value only a little greater than the minimum
sparking distence at 5 micro-seconds to the electirode separation of
1 mm. a't the transition time, 43 microseconds. From the sheath
thickness end the re-ignition voltaze the average sparking gredient
in the sheath can be obtained. By writing equation (6) in the more
general form:

¥ = X & (6b)

and combining it with equation (4a) modified to:

T
a = 136 (_!%:9 —xI”r_a%' (4v)



to take into account the effect of the average gradient, X, on the
average ion mobility, k, and evaluating ko and co by kinetic theory,

an expression for the ion demnsity:

n = 20,200 X% . (7%)
da

wag o btained. Values of n given by this expression are also plotted
in Pigure 38. Again, these wvalues seem quite consistent with the
stesdy-state value, 4 x 1013 ions per em.3, derived by Suits(13)
for a D-C. copper-electrode arc, when it ie considered that the
dynamic situation in the A-C. arec is such that the ion donalty
should begin to diminish long before current zero is actually
reached. In fact, it is believed that these measurements consiitute
an independent determination of both the temperature and the ion
density in the arc just after current zero, permitting by extrapola-
tion & reasonably reliable estimate of at least the order of
magnitude of these quuntitiea before current zeroc. The approxima-
tions involved in the theory upon which the calculations are based
may cause an uncertainty in the results of two or thrée times at
the most, hﬁt not, it is believed, in their order of magnitude.

4. Hature of the Deionizing Processes. If the essential
correctness of the ion density curve is accepted, these results
make possible for the first time a detailed quantitative check of
the theories of deionization in the are space, since both the magni-
tude end the rate of decrease of the ion démnsity are given by the

curve. The results of calculations (Appendix F) using equation (8)



and the assumption that ¢ varies inversely as the cube of the
temperature indicate that recombination, the process assumed in
Slepian's theory described above and hence the basis of equation
(12), is inadequate alome to account for the deionization occurring
in this case. Further calculations, based on a simplified picture
of the process in the plasma region, indicate that diffusion is of
the right order of magnitude to account for the observed rate of
deionization. Also, the shapz of the deionization curve, approxi-
mately exponential like the cooling curve, indicates that the rate
of deionization falls off as the first power of the ion density,
ag it should for diffusion, rather than ss the sedond power as it
would if recombination were the chief deionizing process. For the
diffusion process, shrinkage of the plasma region as it approaches
the vanishing point at transition should cause a sudden acceleration
of the deionization and hence the dielectric recovery near this
point. Such a behavior, shown by the dotted variation of the
dielectric recovery curve between 30 and 43 microseconds, is clearly
as consistent with the available experimental data shown in Pigure
30 as is the curve originally drawn. It is also more consistent
with the curves postulated to explain the double-valued re-ignition
voltages of such FPigures as 15 and 16.

Effect of ength Probably the most striking character-
istic of short A-C. arcs between low-boiling-point electrodes is the

superiority for circuit interruption of very short arce over somewhat
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longer arcs. This means, of course, that, roughly speaking,
dielectric recovery is more rapid for the shorter arcs than for
the longer. Figures 39, 40, and 41 show this effect in detail.
Here groups of curves for different electrode separations but
other conditions the same are re-plotted for direct comparison.
It is clearly shown that the effect is almost entirely confined
to that portion of the dielectric recovery which is due to
deionization of the arc space, the subsequent rate of recovery
due to cooling being very little affected. An exception to this
last statement may be noted in the case of the 0.45 mm. are at
12.5 amperes and 1 atmosphere, and at 25 amperes and 1/2 atmos-
phere, where the second type of recovery begines so quickly that |
the cooling is still very rapid (see Figure 37 and others). The
effect on the initial recovery rate is certainly very striking.
For arc lengths of only 2.05 mm. the initial recovery rate is
reduced to the same order of magnitude as the subseguent recovery
rate gso that the transition becomes less sharp, and at 4.13 mm.
complete délonization mpparently does not occur at all during the
first 200 microseconds. The peculiar break and "doubliag up" of
the 25-ampere, l-atmosphere, 4.16 mm. curve is believed to be due
to changes in motion of the arc terminals over the electrodes, to
be discussed later, rather than to the type of transition postulated
for the other curves. Evidently, from the standpoint of ecircuit

interruption, there is an optimum arc length, depending on the



current, pressure, and circult recovery rate. For high currents,
high recovery rates, and atmospheric pressure, the best separation
for brass electrodes seems to be extremely small, probably even
less than 0.45 mm.. In other cases, however, it is noticeable
that wvhen the separation becomes too small the reduction in the
ultimate sparking voltage begins to offset the increase in rate of
initial recovery due to deionization. This situation has been
observed also in previous work with short ares(3), particularly
for electrode materials other than brass.

From the preceding discussion of deionizing processes (para-
graph 4 of this section) it seems clear that this effect of
eleactrode separation must be primarily upon the rate of loss of
ions to the electrodes by diffusion. To the extent to which
recombination may be important, the effect is slso on the coeffic-
ient of recombination through the effect on cooling (Pigure 37).
There is also a direct effect of cooling on the gas density and
hence on the dielectric strength. In addition to direct diffusion
of both heat and ions to the electrodes, cooling and deionization
may also result from evolution of wvapor from the boiling surfaces
of the electrodes, the cooling being due to the inmixing of =zine
vapor from the comparatively low-boiling-temperature brass and the
direct deionization to dilution and to the speeding up of diffusion
by the gas blast. Although this vapor blast may not exist beyond
current zero, its importance in delonization is strongly susgested
by the large effect of electrode boiling temperature on dielectric

recovery shown by previous work(3).



6. Effect of Pressure. Figures 42 through 45 show the effect

of pressure on dielectriec recovery for the 25-ampere arc with four
electrode separations. In general, the effect on the initial
recovery is opposite to the effect on the later recovery. The
effect after deionization is simply upon the density of the gas
between the electrodes. If the tempersture were the same, the
dielectric strength in this region would be almost directly propor-
tional to the pressure. The fact that it is not indicates that the
temperatures are different, being higher at the higher pressures as
may be seen by comparison of Figures 16 and 23. This is to be
expected, of course, since the initial arc temperszture is undoubtedly
lower at the lower pressures and the rate of cooling is proportional
to the mean free path and therefore inversely proportional to the
gas densgity.

The opposite effect of pressure on the initial recovery is
another indication that deionization is chiefly by diffusion rather
than by recombination. Examination of equation (7a) shows that,
since the temperature is observed to vary nearly as the square root
of the pressure, the dielectric strength of the space charge sheath
should vary directly with the pressure and inversely as the ion
density. Since the early dielectric recovery rate actually tends to
diminish slightly with increase in pressure (8ee especially Figures
44 and 45, neglecting the latter portion of the curve for 1/8th

atmosphere in 45.), the conclusion is that deionization, again like
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cooling, must be more rapid at the lower pressures where the mean
free path and hence the diffusion rate is comparatively high. If
recomtination were important, equation (12) shows that the dieleetric
recovery by the sheath should vary as the sguare root of the pressure
(again taking account of the observed effect of pressure on temper-
ature). Because of the exponential relation between 1/n and the
coefficient of diffusion, further consideration of equation (7a) shows
that for deionization by diffusion the early recovery rate should

be almost independent of pressure initially but as deionization
proceeds it should begin to vary inversely as a higher and higher
power of the pressure. This is, in fact, exactly the behavior of

the curves of Figure 45! The upper portion of the 1/8-atmosphere
carve in this figure must be neglected beéaune it clearly represents
dielectric recovery after complete loss of ionization at about 67
microseconds. (See Figure 26.)

2. Comparison of Gurves for Constant p/. According to the
law of simllitude for sparking the upper portion of the dielectrie
recovery curves should be independent of electrode separation as
long as the pressure is varied so as to keep the product of pressure
and separation constant. This presumes, of course, that the temper-
ature 2lso remains the same, the pressure actually representing the
gas density. The curves for the 25~ampere arc are compared on this
basis in Pigures 46 through 49, for values of p.{ of 0.25, 0.5, 1,

and 2. The two 50-ampere curves for p{ = 1 are shown in Pigure 50.



The disparity between the curves for constant pl indicates that
the tempersture of the gas did not remain constant but increased
with the arc length. The closest agreement is for the smallest
value of p,I. the difference between the curvee increasing with
this value. ¥For the S50-ampere arc the agreement is very close
even at p,{ = 1l. It is noticeable in these cases that both the
initial rate and the subsequent dielectric recovery decrease with
increasing arc length, suggesting that the effect is of the same
kind for the two parts. The effect on the initial rate of recovery
is considerably greater, however, than the effect on the later
recovery. In fact, the initial recovery rate seems to vary slmost
directly as the preseure for the 25-ampere arec.

A simple consideration of the theory leads to the conclusion
that both cooling and diffusion of ions should be independent of
either pressure or electrode separation alone at constant p 4 « at
least at constant temperature, since the mean free path and hence
both the diffusion coefficient and the heat conductivity vary with
the arc length. This assumes diffusion in only one dimension,
however, completely neglecting lateral diffusion of heat and of ions
to the surrounding cooler gas beyond the arc boundary. It is
significant that the similitude principle holde most closely for the
larger currents and the smaller values of p 1 where the cross-section
of the arc is largest relative to the electrode separastion and hence

the conditions for only one-dimensional diffusion are most closely



met. For the longer and thinmer arcs it is probable that lateral
diffusion is almost as important as direct diffusion to the elsc-
trodes, the shape of the mass of hot ionized gas being more nearly
spherical than in the assumed shape of a thin flat cylinder. Thus,
the volume of the space to be cooled and deionized by diffusion may
vary roughly as the cube of electrode separation rather than as the
first power as assumed. This affords one possible rough explanation
of why the initial dielectric recovery rate decreases as the
electrode separation is increased, in spite of the proportionate
decrease in pressure. Another possible and more exact explanation
follows from the discussion in paragraph 5 of the effect of pressure.
There it was noted by examination of egquation (72) that if the gas
temperature be assumed to vary as the square root of the pressure,
the breakdown voltage of the space charge sheath should vary
directly with the pressure and inversely as the ion density. With
the further assumption, then, that n remains about the same, the
slope of the initisl recovery curves should vary directly as the
pressure, as they do almost exactly in Figures 47, 48, and 49.
Perhaps the actual situation is that the assumptions of the last
explanation, varying temperature and constant ion density, are not
exactly true but that under some conditions the first-mentioned
effect of lateral diffusion adds to the second direct effect of

pressure sufficiently to make up for the lack of exactness of the



second-case assumptions. Certainly, the curves show that the
temperature does increase as some fractional power of the pressure
and the opposite effect of pressure and of separation on deion-
ization may very well result in ion density remaining about the
same from one curve to the next. As for the effect of a possible
vapor blast from the electrodes, it should also be unchanged with
pf constant since its relative penetration into the arec space would
be proporticnal to the mean free path. Finally, it should be
mentioned that one obvious difficulty in attempiing to aoply the
principle of similitude to the arc space is that ionization in the
arc is not believed to be simply ionigzation by collision, which is
the basis of the similitude principle, but rather thermal iomnization.
This latter requires a certain minimam temperature which mmst be
maintained by a sufficient energy and therefore current density.
Hence the variation of current density with the square of the
pressure as roeguired by the principle of similitude probably does
not hold at all in the arc up to carrent zero, resulting in
different initial conditions for deionigation even with p/? constant.
8. Effect of Current Strength. Figures 51 through 56 show the
effect of different current magnitudes with other conditione the
same, the first four figures being for atmospheric pressure with
different arc lengths and the last two for 1/2 atmosphere pressure
and two different lengths. The lower curves for the higher currents

drawn in Figures 52, 53, and 54 were taken from the results of
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previons work(2.3,4), Since they are for odd lengths, 1.6 and 3.2 mm.,
they are not directly comparable with the curves of any figure and

g0 two of them are repeated in both Figure 52 and Pigure 53. Also,
the 1200-ampere curve is for copper electrodes rather than brass.
There is a definite effect in all cases of increasing current
lowering both the initial recovery rate and the subsequent sparking
voltage. This is further evidence that diffusion and cooling cannot
be ireated strictly as one-dimensional processes, since in the
absence of lateral diffusion current _nspitmlo should mzite no
difference, provided that the current density remains the same. Where
lateral diffusion is important, however, the varying ratio of surface
to area should produce just the effect observed, the diffusion being
relatively more rapid for the uﬁller current, smaller cross-section
arcs. The gloping volt-ampere characteristic of arcs of such small
currents as used here indicates the presence of this effect before
current zero, and incidentally aleo that carrent is carried in the
smaller-current arcs with lower ion densities than in the higher-
current arce. This last indirect effect of lateral diffusion on
initiel ion density also helps to explain the observed variation of
the curves. At the very high currents it is apparent that complete
deionization of the arc space did not occur during the first 200
microseconds. The limited amount of data on which the 1200-ampere
curve (obtained by an indirect method) was based indicated that it

begins to curve upward after about 300 microseconds(4). The



practically horizontal portion shown undounbtedly represents the
minimum sparking potential in copper wvapor under the conditions
existing just after current zero. The intercept of the 300~
ampere curves on the zero-time axis is also probably near to the
minimum sparking potential in the vapor from brass. It is
characteristic of 211 the curves that they tend to approach a
common value if extrapolated to or somewhat beyond the time of
current zero. This common value 1s of the order of magnitude of
the minimum sparking potential and undoubtedly does correspond
to this value under the test conditions. As mentioned
previously, there may be an appreciable positive or negative

drop at the anode included.
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¥. CONCLUSIONS

From the foregoing consideration of the regulte it may be
concluded that:-

(a) Slepian's theory that dielectric recovery by the arc
space after current zero is due to the formation of a2 space
charge sheath at the cathode which must be broken down like an
ordinary spark gap, this gap increasing with deionigation of
the space, is applicable, at least for low-boiling-point
electrodes.

(v) The chief deionizing process for short arcs is not
recombination, as assumed by Slepian, but diffusion.

(¢) Regent determinations of arc temperatures (4000~
8000° K.) and densities of ionization (1013) at atmospheric
pressure are verified, at least as to order of M1tndo. It
is further shown thai cooling to a few hundred degrees Centigrade
and complete deionization of short arc spaces between brass
electrodes may occur within the first 10 to 100 microseconds
after current zero for currents of 50 amperes or less.

The "non-arcing” effect of low~boiling-point electrodes is
still not fully explained. 1In view of past results and of
conclusion (b) it seems probable that the effect of the electrode
surface temperature on the rate of cooling of the arc gases Jjust

before and after current zero may be eritical, the gas temperature



falling immediately to values too low for thermal ionization with
low-temperature electrodes but not with electrodes beiling at the
higher temperatures. More investigation of this point is needed.
For this purpose it is suggested that further experiments of the
type described here be performed with arcs between electrodes of

other materials than brass.
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APPERDIX A.

Apparatus

The actual circult used, though similar in principle to that
of Figure 1, is shown more completely in Figure 4. The peculiar
transformer combination was necessary to obtain the desired voltage
(690) from an ungrounded source with theequipment available. The
3 kva. group actually consisted of three pairs of 1 kva. distribu-
tion transformers in parallel. The transformer terminal voltage
was measured through a 20-1 potential transformer. Two inductively-
coupled air-core reactors were used as shown for 25 and 50 amperes
and a third was added to obtain 12.5 amperes. Some of the tests
were made at 460 volts with the inductance correspondingly reduced.
The resctors (three identical sections) were constructed of No. 7
copper wire wound in 19 layers of 19 turns each. The turns were
separated only by the double cotton covering and the layers by
1/4-inch wooden strips laid axially at frequent intervals. This
construction was adopted to minimigze distributed capacitance and
gave very good results, the measured capacitance of the single coils
-baing only 18 micro-microfarads. Each coil had a resistance of
0.63 ohm and an inductance of approximately 0.0334 henry, giving a
reactance of 10.5 ohms at 50 cycles. With all three coils in s‘erio-
and as closely coupled magnetically as possible, the 50-cycle

reactance was 54.7 ohms and the distributed capacitance 35 micro-
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microfarads. The reactance could be adjusted by changing taps and
by varying the magnetic coupling between coils. Figures 5 and 6
are views, respectively, of one coil alone and of all the coils
nmtegl for use, the transformers being shown below in Figure 6.

To avoid trouble due to themagnetic field of the reactors,
the arc electrodes and the oscilloscope were located about 15 feet
away from the coils on a line perpendiculer to their axis. The
electrodes are shown mounted in the arcing structure in Figure 7.
They were flat brass blocks, 5§ cm. square by 1.27 em. thick
initially, being planed down between groups of tests to restore
their surfaces. The lower electrode was pierced at its center by
a small hole (0.9 mm. diameter) through which a somewhat smaller
tungsten wire could be projected to make and break contact with the
upper electrode and so start the arc. In the final tests the
re-ignition voltage was measured only with the upper unplerced
electrode as the cathode. Between tests the electrodes were cleaned
with both a file and emery cloth. They were replaced as soon as
they became noticeably pitted by the arc. The electrode holders
were mounted on a drilled glass plate fitted to a bell-jar cover
and the whole connected to a vacuum pump and closed-tube mercury
manometer for controlling and messuring the pressure. The arc
igniter electrode already mentioned was operated through a flexible
bellows (Silfon) seal. A general view of the apparatus in use is

shown in Figure 8.
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The voltage divider had to be of the resistance-capacitance
type in order %o match the impedance of the oscilloscope for all
frequencies from 50 to 50,000 eycles per second. All six sections
were identicel, consisting of 600,000 ohm carbon-rod resistors in
parallel with small adjustable mica "trimming"” condensers of between
50 and 100 micro-microfarads capacitance. The resistors were
adjusted by filing so as to have equal D-C. resistances and the
condensers were subsequently adjusted to give the proper voltage
ratios at 50,000 cycles. Eguality of capacitance of corresponding
sections was checked by inserting the condensers into a tuned
circuit. As shown, the maximum divider-ratio of three could be
changed to two by closing the swiiches S5 and to unity by connecting
the oscilloscope leads directly to the arc terminals. The symmetriecal
arrangenent of the divider  about ground was found to be necessary
to eliminate spuriocus deflections due to ground currents flowing
through unsymmetrical capacitances to ground of other parts of the
circuit. It was 2lso necessary to balance the rest of the circuit
insofar as possible with respect to ground to eliminate distortion
of the electrostatic field botwee;: the oscilloscope deflecting plates
which occurred for high-fregquency oscillations if one plate were much
closer to ground potential than ths other. HMoet of the capecitance
to ground existed in the supply transformers, of course.

The oscilloscope tube was equipped with only one pair of
deflecting plates, deflection in the other direction being produced
by an electro-magnetic field. In these experiments th-‘ﬂold coils

were connected to the 50-cycle supply voltage through a phase



shifting transformer. This could be so adjusted that the beam
would cross the center of the screen as the arc e_urront reached

its zere value and the re<ignition transient to be observed took
place. As the field strength was such that the beam appeared on
the screen only during & very small portion of the cycle when the
sweep current was near zero, iis speed across the screen was
practically constant, giving & linear time scale. By applying a
voltage of the same frequency as, but 90° out of phase with,the
sweep current to the control grid of the tube, the beam could be
cut off on its return sweep, thus showing the re-ignition transient
for only one polarity at a time. Oscillograms could be taken by
photographing the screen with an ordimary camera. The camera used
had an f 4.5 lens and an extensible bellows for close-up focusing.
Wratten Hypersensitive Panchromatic plates were found to give best
results with high-speed transients, but Portrait Panchromatic films
could also be used. A certain amount of background fogging was
necessary to obtain maximum sensitivity with these plates or films.
It was also necessary to use voltages as high as 6000 on the beam
(the rated voltage of the tube was 4600) to obtain really satis-
factory photographs of the highest speed transients. Representative
oscillograms are shown in Figures 9, 12, 13, and 14. The timing
oscillation was produced by a Western Electric oscillator and fed
into the circuit by magnetic coupling to the reactors, the frequency

being nearly the natural freguency of the circuit when unshunted.



The condensers used for contrclling the Qatnral frequency of
the circuit were of two types. The smaller sizes were mica
insulated in molded composition snd the larger sizes were ordinary
"t{elephone" condensers of rolled paper. The smaller sizes were
measured at high frequencies (10 to 50 kiloecycles) in & tuned
cireult, using a General Radio variable standard condenser, and
the larger sizes were measured with a sismple capacitance bridge.
Most of the condensers were of such voltage ratings that they had
to be used in groups of two egual condensers in series., Practi-
cally any desired value of capacitance could be obtained by series-

parallel combinations.



APPENDIX B.
Experimental Technigue

Much time was spent in developing the method of testing to
the point where the results obtained were sufficiently consistent
and reproducible for the plotting of satisfactory curves. As
shown by previous work(2,10,14)  apparently inherent varisbility
is one of the chief characteristics of the bebavior of A-C. ares,
particularly of the re-ignition voltage. However, with proper
care in maintaining the electrode surfaces etc. the re-ignition
voltage values were found to be very consistent in many cases and
reasonably so for all of the tests. Varistions in magnitude were
“Averaged out" in these experiments by observing on the oscillo-
scope screen the repeated re-ignition of the continuocusly running
arc for several seconds and loceting the average value of the
re-striking voltage by eye. For this purpose a sliding index
was used. The uncertainty in location of this average was usually
quite small for the shorter times but became: considerable as the
duration of the current-zero period approached the maximum value
at which the arc could be maintained. The re-ignition values
were usually very clearly "bunched" in = small region with
relatively few high and low values oceurring occasionally. The
frequency of occurrence of the low values generally exceeded that
of the high values. In no sense, however, were the recorded

values maximum re-ignition voltages. Rather, they were the



maximam consistently repeated values. Frequently, low values were
found to be due to the arc momentarily jumping out from bétween the
plane faces of the electrodes, thus increasing its effective length.
It was found that generally higher and more consistent values
were obtained when the upper unpierced electrode was the incoming
cathode than when the reverse was the case. Whenever the arec
stood still or wandered only very slowly, 2 common condition at
the higher pressures and larger separations, the re-ignition
voltage diminished rapidly with continued arcing, making necessary
brevity of the tests and frequent replacement of the electrodes.
To detect this effect, points obtained just before changing
electrodes were usually checked with the fresh electrodes. The
largest variations observed were those of em, the coordinate of
the negative peak of the oscillation when there was no negative
glow. Values of Ej, the last arc voltage, and of e, for the
negative glow case were more consistent. Readings of the average
value of each of these quantities were taken in the same way as
described for eg, the re-ignition voltage. Readings of time could
not be obtained directly on the oscilloscope screen. because of
the large variation in the starting point of the transients due to
variation in I, the arc failure current. Thie is illustrfated by
Oscillogram H-3, Figure 9, which shows several successive trans-
ients.

Since variations in beam curreni incident to focusing the

gpot as well as variations in line voltage caused changes in the
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oscilloscope deflection sensitivity, it was necessary to calibrate
the oscilloscope before each reading. This was done by measuring
the deflection corresponding to the peak applied voltage at the
same time that the voltage was read. The short-circuit curremnt
(carrent with are shorted out) was also read snd adjusted if
necesgsary by varying the reactance. At the same time the trans~
former terminsl voltage was measured with the current flowing.

The peak of this latter voltage was the .va.lne actually applied to
the oseillating eircuit st are failure and was assumed to remain
practically conttant during the current-zero period because of the
relatively large distributed capacitance of the transformers and
therefore their long natural period. Consequently, it was the
value sctually used as E in formula (14) or (14e) The r.m.s. value
was, of course, also the voltagze used in caleulating L by the

relation:~

£ o i

2n . 50 1

(158)

where € end I are, respectively, the r.m.s. "short-circuit”
voltage and current. The oscilloscope deflection was found to

be approximately linear except at very small values. As the
deflections corresponding to Ej came within this non-linear range,
E] was actually measured by a D-C. voltmeter connected to a voltage
gsource which could be adjusted to give a steady deflection equal

to that produced by Ej. ey was measured similarly when its value

fell within the range of this D-C. calibrating veltage. A divider
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ratio of unity was used to obtain maximum deflection in measuring
these smeller voltage values or any other values when possible.

As the zero position of the electron beam tended to shift continu-
ouely as well as with any adjustment, it wes checked before each

reading end the millimeter scale shifted if necessary.
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APPENDIX C.
Errors and Accuracy of the Method

Readings of deflections on the oscilloscope screen were
probably accuraste to within one millimeter for the larger deflec-
tions of two to five centimeters, giving an accuracy of two to
five percent. Smaller deflections, except where variations were
large, were determined to within perhaps 0.2 mm. but the total
deflection was frequently so small that the accuracy was only
about ten percent. Errors resulting from non-linearity of the
oscilloscope deflection amounted %o only one or two percent at
the larger deflections but to very much more, perhaps tem or
twenty percent, =zt the smalleet deflectinms used. Readings of
eircuit voltage, made with an ordinary portsble iron-vane
voltmeter and s large standard potential transformer should have
been accurate to within less than one percent. Similar accuracy
can be expected for readings of current and for the vslues of
inductance calculated from them., The actual values of current in
the arc, however, were as much as five percent less than the
values actually measured with the arec short-circuited because of
the arc voltage thus neglected. Measurements of capacitance of
the condensers were made with an estimated accuracy of two to five
percent. The distributed capacitance of the circuit, calculated
from the inductance and observed resonant frequency of the circuilt

unshunted and with small shunting capacitance was only roughly



known. It was assumed to be 150 micro-microfarads for the balanced
eircuit and 230 micro-microfarsds for the circuit before it was
balanced, these being approximate mean values of several rather
widely divergent determinations. ZXlectrode geparation was deter-
mined by c¢losing the gap on "feeler gauges" consisting of strips
of copper or brass sheet previously measured with micrometer
calipers. It was probably subject to variations of not more than
five percent. The gas pressure was measured with the mercury
manometer to well within 0.5 mm. of mercury, giving an accuracy
of from 0.1% to 0.5%. For pressures less than atmospheric, the
pressure read after each test was generally from 1% to 3% higher
than the initial pressure recorded because of heating of the gas
within the bell jar by the arc. Momentary increases of several
times this smount were noticed while the arc was running. Fallure
to correct for the temperature of the mercury csused an error of
not more than 0.5%.

Somewhat larger errors are probably to be expected in the
calculation of time by means of the simple egquations (14) and (143).
Thege eguations presume constants lumped as in Pigure 1, with no
series resistence and no conductance in parallel with the are.
They also assume the oscillation freguency to be large compared to
the supply frequency, which was always the case. The more complete

equation for e, taking series resistance R into account, 1s(14) ;-

e=3%E~ E"i&t: t{(n—lﬁ;) cos w t + _'.]_»a...[- I; + 'ﬁ%' ¢ (1}—11)] sin w t{ (18)
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where in this case

v = .....L_.-.—B——-z
LOC 412 2

Calculations using typical constants and R = 5 ohms, 2 value some-
vhat greater than that given by rough measurements on the test
circuit, showed that the effect of this resistance was truly

negligible. Similarly, the equation considering shunting conductance

alone is:-

o-l-‘g'é'%&{(l-ll) cos w t + :Lc[—_['_,_%:' linwt} (16)

we= - 1
LC 4 R2 ¢2

Again, calculations with typical circult constants and R = 2 x 108

where now

ohmse, which was somewhat less than the measured leakage resistance
through the circuit insulation and the voltage divider when set
for a 2-1 ratio, showed the decrement due to this leakage also to
be entirely negligible during the first cycle of the oseillation.
However, oscillograms such as H-3, Figure 9, did not verify this
result. The complete oscillation upon extinetion of the arc is
re-plotted in FPigure 10. Here it iz shown that an exponential
envelope can be accurately fitted to the curve. When plotted on
semi-logarithmic paper this envelope becomes a straight line whose
slope indicates a leakage resistance of only about 85,000 ohms!

Other similar oscillograms gave resistances of the same order.
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Since the measured value of parallel resistance is so much higher
than this, this damping must have been due mainly to current
leakage through the arc space, probably in the form of a "Townsend
discharge®. From Figure 10 it was concluded that the effect of
this "arc lc;ahge" was t00o great to be neglected in the time
calculations and so a great deal of work was done on equation (16)
in an effort to evolve a practicable method of using it for the
time calculations. The equation of the form of (16) found to

represent the oscillation of Figare 10 most closgely ig:i-

3945

e = 620 - 1070 ¢ cos (0.157 t - 0.937) (17)

where % is in micro-seconds. It is shown dotted in Figure 10.
¥ith such values as in (17), equation (16) defied all efforts to
achleve a workable form by making permissible approximations.

The chief difficulty lay in determining I; from measureable
quantities, a trisl-and-error solution seeming to be the only one
possible.

The situation was relieved, however, by further osecillo-
graphic measurements made to determine the actual error resulting
from the use of equation (14) or (14a) in calculating current-
zero-to-re-ignition times. PFigure 11 shows the results. The
points marked by circles were calculated from measurements made
in the usual way and those marked by crosses were taken from

measurements made on oscillograms such as P-2, 0-1, and P-1
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(Figares 12, 13, end 14, respectively). The short dotted lines
represent sections of the assumed ioltngo rise curves upon which
the calculations (according to (14) and (14a)) were based. The
points from the oscillograms fall considerably closer to these
lines than might be expected from the foregoing considerations.
The two closely parallel lines are for the cases where the
negative glow did and did not occur. The oscillogram points fall
very close to the proper one of these lines in each case, the
only one noticeably off being that taken from the transient in
P-2 which exhibits an abnormally large value of -ey. In the case
of oscillogram P-1, the agreement is not so good, but this was
the region in which the arc was unstable and showed large vari-
ations in re-ignition voltage. One apparent reason for this 1is
that the voltage rise curve was very nearly tangent to the
dielectiric recovery curve in this region. Point 1 wae calculated
from the measurements taken on the oscilloscope screen while
point 2 was calculated similarly except that a larger value of
-ey (corresponding to P-1) was used. The dotted curve was

calculated from the equation:-
e = 937 - 1097 cos (0.0196 t - 0.522) volts, (18)

determined to fit the transient of P-1 as closely as possible
without damping. Comparison of this curve and the curve for

P-l reveals the reason for the enigma presented by the rapid



damping shown in H-3 contrasted with the close agreement in the case
of points from P-2 and 0-1, the latter indicating negligible damping.
The transient of P-1l follows the undamped curve caleulated from
equation (18) (of the form of (14)) very closely for the first 100
microseconds and then begins to fall below it at a rapidly increas-
ing rate. This sudden falling off of the actual voltage rise
curve suggests that appreciable leakage current begins to flow
through the arc space only at and above some 600 or 800 volts,
increasing rapidly at voltages above this value. This is just the
expected characteristic of a Townsend discharge, which cannot even
approximately be represented by a constant value of resistance.
Clearly, then, the resistance wvalue calculsted from the damping of
the oscillation of H-3 was only an average value resulting mainly
from current leakage occurring near the peaks of the oscillation
alone. Careful examination of the shape of the curve of Figure 10
seemg to bear out this idea. The conclusion is that the damping
of extinction transients gives no measure of the effective damping
of the normal voltage transients preceding re-ignition, the greater
portions of which remain at voltages too low for the Townsend
discharge to occur. It is beliesved, therefore, that the evidence
of Figure 11 provides sufficient justification for the use of the
equatione (14) and (14a), neglecting the effect of leskage current
entirely.

From the above considerations it appears that an accuracy of

around 5% in voltage and 10% in time is to be expected for the
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dielectric recovery curves obtained in these experiments. The
error in the time calculations is such that the time values plotted
are probably somewhat too short. Because of the small average
slope of these curves, however, it is believed that this error is
comparatively unimportant. In general, an idea of the overall
precision of the method is given by the closeness with which the
pointe fall on definite smooth curves of the shape predicted by

theory.
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The temperature of the arc gases after deionization was
calculated as follows:-

The value of pf corresponding to each chosen value of
re~-ignition voltagze was determined from Figure 57. The dotted
portion is an extrapolation from the curve given by Slepian and
Mason(1l)., The apparent pressure is then given by:-

P = b4 (18)
Since this is really a v:?‘e- proportional to the density of the gas,

the gas density is:-

A m B o A, (19)
Po

where po is the actual measured pressure and A o 18 the demsity
at po and the temperature, Ty, at which p, was measured. (Tq was
taken to be 273° K. in these calculations, probably about 10% too
low.) By the perfect gas law, then, the temperature of the gas is:-

T =T . 8o - 3. _Po (20)
A P
in degrees Kelvin. On the Centigzrade seale it is 273° less than

this. Since the arc space was not in thermal equilibrium and
therefore not at constant temperature, the value of T so calculated
represents only a2 kind of average temperature along thebreakdown
path. The maximum temperature between the electrodes may have been

considerably grester than this value.
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and Ion Density

Using values of T obtained from the extrapolation of the curve
calculated as in Appendix D for the second recovery period, values
of the space charge sheath thicknegs, d, were calculated from
values of p,? corresponding in Pigure 57 to the re-ignition voltage
values of the first recovery period by dividing p/ by the value
of p corresponding to the density at the existing temperature. The

value, p, was obtained by equation (19) written in the form:-

P = po 273 (19a)
- 1
According to the above, therefore:-
¢ =2l o of. 2 ©(21)
P Po - 273

The average breakdown gradient is then given by equation (6b):~
¥y = X d
Knowing the values of 4, V, and X, the ion density, n, can be

obtained from equation (4a):-

L 2
d = 136 (.k.)° L e
(=) =

if ko and 'Eo. the ion mobility and average tharmal velocity are
known.

The kinetic theory expression for e is:i-

T = 2-2E% (22)

o



where K is Boltzmann's constant, 1.37 x 10-16 ergs per degree,
and m is the mass of the ion. Assuming the ions to be singly-
charged atoms of 2ir (oxygen or nitrogen or both) and taking the
molecular weight of air to be 29,

m = _229_ x 1.65 x 10724 = 2.39 x 1023 gram,
1.65 x 10-24 bveing the mass of a particle of unit molecular weight.

The velocity can be expressed asi~-
i

c= To (_:_]’ , (23)
To
where co is the value of ¢ at T = T,.
By formula (22), then,
';ﬁ = 63,200 cm. per second.
The kinetic theory expression for the mobility at high field

strengths is:-

kE = A (2‘)
R

where A is the ionic mean free path.
Because of the effect of tempersture on density, A is proportional
to T at constant pressure and so the mobility also can be expressed
agl=

)

; L
2
To

The effect of temperature thus cancels out in the expression kja
of equation (4a). Defining ko as the ion mobility at standard

conditions and at unit field strength leads to the relationi-
L il
k = ko (—1--)2 x° (26)

To



which in turn gives for (4a) the new form:-
[}

3 -
a = 136 [ X \ _¥
% |/ X% n’ )

The value of A to use in calculating ky is somewhat uncertain, but
the value for nitrogen molecules under standard conditions,
0.6 x 10~5, should be approximately right. Using this and other
previously determined values givesi-

ko = 5056 cm. per second.
per volt per cm. at 1 volt per cm.

Substituting these values in equation (4b) gives:-

3 z %5
R Tk

When solved for n this becomes:-

23
n = 20,200 X °
Y (272)
which may be combined with (6b) to give:-
3

d
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l. Recombination. To determine whether or not recombination
alone is sufficient to explain the deionization curve of Pigure 38,
this process was assumed and the values of the recombination
coefficient, o« , required to fit the curve at each point were
calculated. For recombination in a region containing equal
numbers of positive and negative ions, o is defined by the
equation:~-

-ﬁ—--ixnz (B)

X cen be calculated directly from this equation, using measure-
ments of - % and corresponding values of n from the ion density
carve of Figure 38. The results of this calculation are given
in column 5 of the table. For comparison with usual values,
extrapolations of these to 0° C. are given in column 6. This
extrapolation was made by means of the equation:-

Xo =X -3—)3 (28)

To

using values of temperature from the dotted curve of Figure 38.
Even the smallest value of X 5 in column 6, that for 5 miero-
seconds, is roughly 20 times the wvalue ordinarily measured for
air, 1.6 x 106, and the required value of X 5 increases with

time by almost as much as ten times more at 43 microseconds.
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Since the presence of metal vapor in the arc gmses can hardly be
expected to raise the coefficient of recombination, it seems clear
that recombination is inadeguate by at least one order of magnitude
as an explanation of the observed rate of delonization.

2. Diffusicon. A similar calculation was made assuming only
one-dimensional diffusion to the electrode and to the sheath
boundaries. To simplify the calculations, which would otherwise
be long and tedious, the ion density distribution shown by the
solid line in Figure 58 was assumed. A rough estimate of the
actusl ion distribution is given by the dotted curve labeled n'.
The field-free, or plasma region of thickness ,(-d was arbitrarily
divided into four parts and all of the diffusion gradient assumed
to exist across the outer fourths of the region. This assumed

gradient was theni-

da _ 4+ _4n_
ot M (29)

The total number of ions per square centimeter of the arc cross-
section diffusing away per sescond was then:-

= —g’-n—: _E_S._
Y 2D - e D (30)

in terms of the diffusion coefficient, D. The relative rate of

loss of ions in the plasma was:i-

-4a .4 P 1 "
at . f-d (/-2 ° e

From this relation, D was calculated, using values from the curve

of Pigure 38 as before. Values of D are given in column 7 of the
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table. For comparison, corresponding values of Dy, the kinetic

theory diffusion coefficient, were calculated from the relation:-

2
Dy = %A; = % /\o To (_%:)Z— (32)

and entered in column 8.
The values used were:-

Ao = 10-5 ca.

;Q = 63,000 em. per sec.

To = 273° K.

and T determined from rignrg 38.

The ratios of values of D apparently required to the kinetic theory
values at the estimated temperatures are given in column 9. The
two gquantities are clearly always of the same order of magnitude,
whicﬁ is as good agreement as could be expected from these very
rough calculations. As pointed out in the discussion, the effect
of diffusion laterally into the surrounding cooler gas would be in
such a direction as to improve the agreement. The fact that the
ratio: D/Dp remsins very nearly constant (between 4 and 7) during
the first 30 microseconds, and could be made to remain so for the
rest of the time by altering the dielectriec recovery curve in a
way which would be consistent with the data, is another point in

favor of the diffusion theory.
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APPEWDIX G.
Motion of the Arc

Figures 59 through 70 are photographs of the electrodes
after tests under various conditions. Both electrodes are shown,
arranged as if opened out like a book, the lower electrode being
on the left in every figure except No. 69. A centimeter scale
is provided at the top, showing that the pictures are almost
exactly natural size. In the titles below the pictures eg is
the re-ignition voltage and tg the re-ignition time for the test
after which each photograph was taken.

l. General Description. All the different types of arc
trails commonly o iserved are shown. Their chief general character-
istic is the spontaneous wandering of the arc over the electrode
surfaces in almost every case, This wandering, sometimes slow and
sometimes very fast, generally occurred in jumps, the arc
terminals appearing to remain in one spot for one or more half-
cycles. Many of the photographs show clear examples of spots in
which the arc apparently remained for only one half-cycle. Porha?-
the clearest is Figure 59, in which the small isoclated spots show
distinet differences between the corresponding ones on the two
electrodes, suggeesting that the arc remained at each only while
it had one certain polarity and therefore for only one half-cycle.
Both types of spots, distinectly different, can be observed on
each electrode, the two types usually being side by side. Figures

59, 63, and 69 show trails upon which the arc moved only very



slowly while in the case of Figure 64 the arc remained stationary
until blown by 2 current of air. The trail of Figure 63 is one
of the few observed in which the motion of the arc appeared %o be
practically continuous, but definite spois can be observed near
its end. Trails of very rapidly moving arcs are shown in Figures
60, 65, 66, and 68. These are characterigzed by the distinctness
and the wide distribution of the spots over the electrode
surfaces.

2. Effect of Arc and Circuit Conditions. The boundaries
of the spots become less and less distinetly marked as the electrode
separation is increased. As shown by comparison of Figures 58
through 64, the apparent spot size, or area burned by the arc,
 tends to increase rapldly with the arc length, other conditions
being equal. Thie shows the need for caution in estimating the
current density at the arc terminals from photographs of arc
trails. Incidentally, all of the clear-cut spots in these photo-
graphs indicate current densities of many thousands of amperes per
square centimeter, higher at the cathode (darker spots) than at
the anode (lighter spots). This agrees with the essential
requirement of Langmulr's high field theory of the arc cathode(15)

¥Flgures 59 and 60 show trails of the arc with all conditions

(15) Slepian and Haverstick, "Arcs with Small Cathode Current
Density", Physical Review 33, p. 52 (1929).
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identical except the speed of the cirecuit. They illustrate the
always observed fact that the rate of wandering of the arc
increased roughly with the length of the zero-current period, .
Figares 61 and 62 illustrate the differences which sometimes
existed between arc trails with all conditions the same, Within
certain ranges of conditions motion of the arc was very erratic,
the arc sometimes moving rapidly and sometimes slowly or not at
all. As in these two cases, the re-ignition voltage was generally
somewhat and often very much higher when the arc 'al. wandering
rapidly than when it was almost or quite stationary. The attempt
was made for the sake of uniformity to record only those measure-
ments made with the arc wandering, but exceptions to this rule
may sometimes have occurred vwhere the motion was erratic. This
is believed to be the explanation of the peculiar ﬁreak in ths
recovery carve of Figure 18. The tendency of the arc to move
also decreased with increase in the electrode separation, with
pressure and with current strength. At the larger separationg,
pressures and currents, the arc would frequently wander readily
when first struck but after several re-startings with the
igniter electrode would burn steadily at the starting point
without further wandering. The re-ignition voltage was observed
to fall steadily with time in these cases, which was another

reason for recording readings only with the arc wandering. 1In
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general, very little difference was noticed between the arc trails
at the different currents and pressures used. Trails of 12.5-
ampere arcs are shown in Figures 66 and 67 and of 50-ampere arcs
in Figures 69 and 70. One photograph of a trail at 1/4 atmosphere
pressure is shown in Figure 68. The peculiar fine markings shown
in Figure 67 seem to suggest that the arc terminals wandered in
this case even while the current was flowing and not just between
half-cyecles as it usually avpeared to do. It seems possible, also,
that discrepancy between the current dengity in the positive
column snd at the cathode for these longer arcs may have resulted
in the formation of several adjacent small cathode spots carrying
the current from the relatively large positive column in parallel..
3. ion. The cause of this wandering seems reason-
ably clear. It is simply that re-ignition of the arc generally
occurred 2t a point somewhat removed from the place last occupied
by the arc. This may have been due to actual motion of the hot
ionized gas region during the current zero period, or the
re~-ignition may have occurred first along a path to one side of
the recently-conducting gas region. This last explanation appears
to be the more probable for the cases of rapid motion .vhlla the
firet may easily apply to the casees of slow motion. The widespread
distribution of the spots in figures like No. 60, seemingly with

less than purely random clustering, lends support to the second
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explanation for the fast moving arcs. The fact that rapid
wandering occurs only for reignition of the second type, after
complete deionization of the space has occurred, glves further
gupport to this idea. The first posiible explanation occurring
to the writsr of higher dielsctric strength in the center than
to one side of the old arc core is that cooling of the gas
opposite the arc terminals may be accelerated by a vapor blast
from them to such an extent that after deionization its density
and therefore its dielectric strength may be higher than that of
gas to one side which has recently passed through the arc core
but has moved beyond the cooling influence of the wapor blast
and so0 remains at a higher temperature than the gas nearer the

arc terminals.
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?igure 9, Oscillogrsm of Extineiion Transient.
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