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ABSTRACT

Gas discharges maintained by radio frequency power were examined in
the frequency range 1-25 Mc/s. The discharges were maintained in air
at atmospheric pressure between water cooled metal electrodes. The
discharges were made symmetric by using two electrodes alike 1in shape
and material.

Important discharge quantities sucli as the voltage necessary to
maintain the discharge, current density, and dissipated power were
measured. The minimum instantaneous value of voltage necessary to
maintain a discharge was found to be 270 volts. The current density
is largely independent of current and has a value of 30 amps /cm?
(determined by using the peak discharge current). A minimum power
of 4 watts is necessary to maintain a discharge.

The influence of current amplitude, frequency, electrode distance,
and other parameters on discharge voltage and current density was
examined, Both voltage and current density were found to be essentially
independent of frequency in the frequency range considered.

Furthermore it was found that a number of properties of the type of
discharge described in this report are analogous to the corresponding
properties of dc glow discharges.
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FOREWORD

The work described in this report was conducted under the Foundatv:cnal
Research Program of the Naval Weapons Laboratory. The repcrt presents
part of the results of an investigation of radio frequency gas discharges.
Such discharges play & role in the problem area of "Hazards of Eiectro-
magnetic Ra* ation to Ordnance" (HERC). They occur when weapihs are
handled or .-aded in high level rf fields, for example in the vicinity
of a radis~wg antenna. By their capability to rectify or convert fre-
guencies they add s,ecific aspects to the general HERC problem.

This report was reviewed by the following personnel of the Weapons
Development and Evaluaticn Laboratory:

L. J. Lysher, Head, Advanced Frojects Group, Electromagnetic
Hazgyds Division

J. N. Payne, Head, Electromagnetic Hazards Divisior

R. R. Potter, Assistant Director, Weapons Development and Eveluation
Laboratory

D. W. Stoner, Director, Weapons Development and Evaluation Laboratory

APPROVED FOR RELEASE:

/s/ BLIIARD SMITH
Techniecal Director
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1. INTRODUCTION

When weapens are handled or Joaded in a r1adio frequency field, some
of the power present in the field can be coupled into an  electroexplo-
s1ve device (ZEl') firing circuit and accidentally fire the EED. It has
been reported previously that the voltage incuced i1nto the faring car-
cuit can reach values high cnoursh Lo maintain gas discharges (reference
(1)). During the connection of a weapon umbilical cable, for example,
a gas discharge may develop between two connector pins. 1t has also
been shown that these rf{ gas discharpes are capable ¢t introducing
rectification and frequency conversion. ‘This capability constitutes
& serious HERO (Hazards cf Electromsgnetic Rediation te Ordnance)
hazard, since 1t renders the concept of LRl protection by iow pass
tiiters 1neffective. This Founaationad Kescearol Progect was nitiated
with the aim of gmininy some 1LSIght anto the processes involved 1in
these 1! discharges.

The hypothiesia tollowed 1 Lha s tuvestigation 1s that rectification
is caused by changes 1n the discharge between glow discharge and arce
mechanisms 1n nlternate hnlrey-lea.  Buch changes would introduce gross
asymmetry between haliwavers of divterent yolarity and would explain an
efficient rectification. There g evidence that this mechanism of
rectification does occur. It 18 this aspect which made it desirable to
examine both glow type and arc type rf gas discharges separately to A
certain extent. This report presents the results ol un investigation
of the glow “ype discharges. We will call these dischurpes "rf glow
discharges", to indicate that importunt parametcrs of this type of
rf discharpe arc clesely relanted to thage of plow dincharges maincained
with dc encrey. However, we do nst want to imply o complete equality of

mechanisms 1n every detarl. 11 15 believed that the data presented in
this repert will justafy to a ccrtain extent the choice of the term
"rf glow discharge'. In wdditien pome preliminary calculations of the

1on and electrun movement. in de and rt plow discharges indicaie that
the basic mechanisms are the sume for both, Because of their preliminary

- Yl nt doarme wil) v  Tie el b
nature, these calculations will not bc Jdiscussed here.

It should be understood that this 1s not an investagation of rf
glow discharges as such. The scope of the investigation is limited
by its relation to the HERO rf discharge problem. For example,
although it would be interesting to look into the influence of pres-
sure variations upon discharge behavior, the HERO discharge problem
is one of discharges in air at atmospheric pressure only. Therefore
only discharges in air at atmospheric pressure were investigated.
Some limitations on the range of other parameters {(frequency range 1-30
Mc/s, power up to W00 watts, and standard connector materials) have
already been pointed out in reference (2}. Within the-e limitations
this report presents a quantitative discussion of some of the charac-
teristic electrical properties of rf glow discharges
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II. DEFINITIONS AND PARAMETERS

Before entering the quantitative discussions, a qualitative de-
scription of the approach will be given.

The circuit used in the experiments is shown in Figure 1. A
power source P (sinusoidal voltage waveform) deiivers power to a
series circuit consisting of a current limiting resistor Ry and <he
4ischarge gap. The discharge is ignited by touchiug the electrodes
and then pulling them apart to a certain distance. With the discharge
being maintained, instantaneous values of the voltage across the dis-
charge gap and the current through the dischurge are measured. (Photo-
graphs of weveforms obtained by this measurement will be discussed in
Section IV.b and are shown for example in Figures 8 and 9, where the
x-aX1s is time and y-axis 1s the instantaneous values of voltaege in
the upper waveform and the instantaneous value of current in the lower
waveform. )

A typical vaveform combination for one halfcycle is sketched in
Figure 2, From such waveforms we can see the following:

a. Between t; and t, the voltage across the discharge gap is
rising almost linearly with time. A constant but small current IC
1s flowing during this period.

b. At time t, the voltage reaches the ignition point Vi and a
large increase of discharge current occurs.

¢. DBetween t; and ty the discharge carries a large current, which
is determined by R, and the voltage drop across Ry, which 1s of course
the difference between the i1nput voltage and the voltage across the
discharge.

d. At t, the voltage falls below the minimum voltage necessary
to maintain the discharge and the current decreases quickly.

e. Between t, and t, the current approaches zerc and s-metimes
even assumes negative values. Since the discharge 1s symmetrical,
the same sequence of events will take place in the nega*ive halfcycle,
with the polarity reversed.

In this report we will mainly be concerned with that part of
the discharge which takes place between t, and t,. As was indicated
before we consider this part, which follows ignition at t, as a "dc
glow discharge of short duration". We define the following quantities:

o
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1, = maeximum value of current 1in interval tz - t3

_ _ 1 e = \ S 1t -
Iy = Tty él 14t average current in intervai- t -t,

ty

Vp = the instantaneous value of the voltage at the time o1

ozcurrence of Im

Under certain conditions the voltage will be constant in the intervsl
tp-t3, but in general it is not.

For a definition of current density we must examine the appearance of
the discharge. Take, for example, an rf discharge maintained between
two piane parallel copper electrodes with a distance of 0 25 mm. Looking
at this discharge through a microscope a distribution of light intensi-
t.es as indicated in Figure 3a would be observed. This distribution
1s symmetrical with respect to the center plane Immediately at the
surtace of the electrodes we find a very thin layer ci high light
intensity and buue colo:. The edge of the area covered by this blue
giow 1s very sharp and _well defined. The size c¢f the area grows with
the discharge current, 1ts shape being cften but nct aiways circular.
The thickness of this blue glow in an ax:ial directicn 1s too small to
be measured, however it 1is smaller than ¢.025 mm  Between these two
blue layers on the eliectrcde surfaces extends a space of 1aint pink
Zlow The edge oi this pink glow 1n a radaial direction 1s not well
defined, 1ts intensity decregsing with distance irom the discharge
axls and gradually tending to zero. For & definition of current
density we must define a discharge :iross section. The biue giow
naturally lends itself because of i1ts we.l defined area. We there-
fore define the current density as the quotient J = i/A vwhere 1 =
discharge current and A = area of electrode surface covered by the
biue glow. Depending on which current we refer to We ccrrespondingly
define: ’

maximum current density Jp = Ip/A
average current density J,y = lgy/A

This 1s the discharge current density at the electrodes and 1s the only
current density considered in this report. We further define "discharge
frequency” as the frequency of the generator which produces the rf power
maintaining the discharge. The frequency range investigated here 1is
1-25 Mc/s.

el e
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"Electrode distance", d, is the distance between the two closest
points of a pair of electrodes, between which a discharge is main-
tained. When plane parallel electrodes are used this is equivalent
to the discharge length.

IXI. EQUIPMENT

The guantities we want to measure are defined as points on the
voltage and current waveforms (I, Vp) . To measure these quantities
we must display the waveforms, which have a high harmonic content.
From a Fourier analysis of some of the waveforms it can be derived
that a relation

fc : 10 fm

is desirable (reference (2)), where f_, = cutoff frequency of the
measuring system and fj, = highest discharge frequency. Thus for

a maximum discharge frequency of 25 Mc/s, the cutoff frequency of
the system should be 250 Mc/s. Thus the required properties of the
measurement system can be deduced.

This bandwidth can only be handled by a sampling oscilloscope.
A Tektronix Type 564 was used to display the voltage and current
waveforms. The voltage across the discharge gap is in the order of
600 to 1000 volts peak-to-peak, which is above the range of this
oscilloscope. A coaxial capacitive voltage divider was designed,
capable of handling a frequency band from less than 1 Mc/s up to
250 Mc/s.

Coaxial techniques must be applied for these measurements
because of shielding requirements. The discharge is maintained
by approximately 800 Vpp and the oscilloscope input thr,ugh the

divider 1is 800mvpp. Any spurious voltage coupled into the oscil-

loscope which does not pass through the signal voltage divider
must be at least 30 db below the signal level. Since the signal
itself 1s 60 db below the discharge voltage, the spurious signals
should be kept 90 - 100 db below the discharge voltage. This of
course reguires careful shielding.

The construction of the electrode assembly 1s shown in Figure 4.
Referring to this figure, parts (1) and (2) are electrode holders
which hold the electrodes (3) and (4). These electrodes are change-
able so that different electrode materials and shapes can be uced.
Holder (1) is fix=d while holder (2) can be moved by turning the
screw (5). This screw has a micrometer thread by which 1t is pos-
sible to set the eictrode distance with an accuracy of 0.025 mm.

The capacitive divider 1s shown as part (6) of Figure 4. An essential
feature of this divider 1s that the capacitive probe is embedded in
solid teflon insulation. If the capacitive probe were to couple over
an unprotected air gap, ions from the discharge region could drift
over and cause a breakdown of this gap resulting in a discharge
between electrode holder and capacitive probe.

4
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The zcnversion of the discharge current 1ntc & proporticnal vost-—
age wh.ch can be ted into the oscill-scope was athieved by a wideband
carrent pr.be  This current prcebe has a transfer impedence o1 1 chm
(1 volt output vcltage intc S0 ohm with 1 amp flowaing thriugh the
probe). It 1s slipped over & wire connecting the e.ectrcde hclderx
12} to ground, as indicated in Figure 5 (System bplock dlagram).

The energy dissipated in the discharge i3 1n the crder or 100
watts. This energy would quicklyraxse the electrcaes: ana electroge
holders tc very high temperatures unless cocling were provided A
high temperature of these components is undesirable 1cr several
reascns. First, 1t would cause thermal expans.cn Jhi fi Woiad makKe
a defined sett.ng of small electrode distances imps::iblie Seconaly,
we want t< aveid excessive oxidation of the eleiircde surlales becaudse
*his wcuid change the discharge mechanisms {Scme cxidaticrn cannot
be avcoided because of the presence of oxygen and the hct and chemically
active discharge gas. However 1t can be helid t¢ a minilum by Keeping
the electrode surfaces at a constant low temperature,. Finaily, with
special electrode forms such as rod shaped electrodes, which develop
high temperature gradients, excessive heat would resu.t in melting
and detormation of the electrode shape. A water cooling system was
theretore provided for effective cooling as shown in Figure 5. Plast:ic
pipes and distilled water were used to prevent a current flow through
the water due to the potential difference between the twc electrodes.
The d: resistance of the water between the two electrcaes was measured
to be ~20MQ.

The resisteors used for limiting the disthasge _urrent vere high
trequency resistors with a 50 watt power rating Shielding was pro-
vided by encigsing them in an aluminum box. Since they were used
{cr dissipatirg more than 50 watts in this case, they were [o.llied
by forced air.

The power necessary to maintain the discharge is generated by
a Navy URT-3 transmitter, capable of producing 500 walls iL lhe
frequency range 2 to 25 Mc/s, and a power amplifier, capapie I pro-
ducing 400 watts in the freguency range i tc 10 Mc/'s The URT-3
must be terminated with a 50 chm icad; therefcre, a matcihing netw.sk

was i1nserted between it and the current limiting reslstance

The 1requency behavior cf this measuring system wi.i now be i
considered. The frequency response of the voltage cnannel was
measured by applying & constant sinusoidal voltage &t pcint A in
Figure S and monitoring the oscilicscope response. The result cf
this measurement 1s shown in Figure 6. From 10 Kc/s tc 125 Mc,'s
the response is constant.. Between 125 and 250 Mc/s iU imcreascs
by less than 1 db The voltage wavetcrm displayed at the 0sc11i0-~
scope s-reen can therefore be ccnsidered identical to the wavetorm
actually present between the electrodes

The frequency response of the current channe. was noi as good
as the response of the voltage cnannel, although the current pr.obe

5
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by itself has an upper frequency limit (3 db) of 260 Mc/s. The
difficulty is that the current flowing through the probe is not

x identical 1o the discharge current. This can be seen from Figure
T, in which point A ccrrespends to the electrode. The electrode
nolder hes a stray capacity C to ground which is in parallel with

3 the inductance L of the wire through the current probe. With I =
1 discharge current, I, = current through the stray capacity and

Ip = current through the probe we have:
g 1 =
3 I o Spm—— bt
3 c .. Juk IP .
; J W

and la =1+ 1
This results in
1 1
4 . .
I =1 = =1
E L e e B
WR
T3 where wg = i :

H N LC

This means that the response of the current channel will rise with
frequency. The measured response is shown in Figure 6. Its rise

1s a combined effect of current probe frequency response and the
rescnance effect. This frequency response will raise the amplitudes
of the harmonics of 25 Mc/s by the following factors:

: FREQUENCY FACTOR

f] = 25 Me/s 1.0
E i3 = 75 Mc/s 1.0
i f5 = 125 Mc/s 1.1
; fT = 175 Me/s . 1.29
; f9 = 225 Mc/s 1.45

Oniy the highest order harmonics are significantly affected. Fortun-
ately, they are small in amplitude and a small error does not affect

the results uppreciably. Also, this influence is noticeable only at

the highest dalscharge frequencies.

el v a1 e

The linearity of the current prc 2 was checked to make sure
that the ferrite it contains did not introduce distortions of the
transformed current waveform. Up to 2 amps peak current,no deviation
i from linearity could be round.

6
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Both waveforms, voltage and current, are conducted vie cosxial
cables from the discharge to the oscilloscope. 1t is necessary to
keep the dafrerence between the time delays introduced by these
cables to a minimum, to ensure that the two waveforms displayed at
ithe oscilloscope arc properly time related. By adjusting the cable
lengths to proper values the time difference between the two dis~
played waveforms was kept below 510710 seconds.

I1v. MEASUREMENTS AND RESULTS

a. General

The discharges were ignited by touching the electrodes to-
gether and then pulling them apart. Only at very small electrode
distances 1s the available voltage high enough to cause ignition by
breakdown. (Approximately 400 Vimg 8r€ necessary to cause the break-
down f a 0.025mm gap).

The appearance of a discharge urder the microscope was de-
scribed in Section II. It should be noted here that 1t looks almost
exactly like a dc glow discharge with the ex:eption that the rf dis-
charge is symmetrical. The symmetry is caused by the continuous
change of the electrode function from cathode to anode and back. A
sketch of how an rf discharge looks is given in ®igure 3. Photo-
graphs of dc glow discharges at satmospheric pressure in air can be
found 1n references (3) and (&),

Usually, the position of the discharge on the electrodes 1is
fixed and is between the parallel front areas of the electrodes as
indicated in TFigure 3a. In some ~ases, however, it is unstable. The
discharge may move very quickly from one position to ancther, with
such a high speed that the eye cannot follow it. The positions
which the discharge assumes under these conditions are not restricted
to the face area of the =lectrodes. The periphery may also be in-
cluded such that the blue glow is in part on the face area and in
part reaches around to the cylindrical part of the electrode surface.

This instability of position usually 1s accompanied by two
other phenomena: & loud hissing noise and an instability in voltage,
For example, at 1 Mc/s and 4 = 0.5 mm, Vm continuously changes between
380 and 410 volts. At times the discharge maintains the vneviphery
position as a fixed position ‘Figure 3b). Vpp 1s tnen usually higher
than for a center position (at the same electrode distance), the

difference being in the order of 10%.
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Such conditions typically exist at 1 Mc/s and 420.25 mm and
sometimes occur at 2 Mc/s but net at higher frequencies. At 1 Mc/s
for & = 0.285 mm and greater, the ncise produced by the discharge
increases with electro>de distance until suddenly the discharge stops
altogether. Using plane parallel copper electrodes and the avail-
able power it was not possible to maintain a discharge at 1 Mc/s and
da>0.6 mm.

Neither the noise mxr the tendency of the discharge to change
position was found with discherges operated at fregquencies of 5 Mc/s
or above. Also, the discharge could be maintained at electrode dis- -
tances up to 2.5 mm with no difficulty. (The electrode distance could
not be increased beyond 2.5 mm because of mechanical reasons).

The values of V. given in this chapter for 1 and 2 Mc/s
are the minimum values o%tained whenever an instability of position
and voltage occurred. The value of Vy may be higher than the minimum
value by up to 10% under certain discharge conditions.

RN

Frior to each measurement the electrode surface was cleaned
by filing. After the discharge had been majntained between two freshly
cleaned electrodesg for some time a deposit formed on them. For copper
electrodes this deposit had the app=arance of a black paste. The
amount of deposit depended on how long the discharge was maintained,
but it could be seen in a matter of seconds. After approximately one
minute & saturation was reached and the amount of deposit did not
. essentially increase even when the discharge was maintained for an
: hour.

T

The following discussions in this section apply to plane
parallel copper electrodes, unless otherwise stated.

b. Typical Wavetorms

U MBI - MLLAVESNS ATV, TR S e

N o i

In this secticn typical waveforms and their dependence on
several parameters will be shown in photographs of waveform oscil-
lograms. The oscillograms are grouped by frequencies. Each of them,
Figures 8 to ll,shows cne freguency. In each photograph the upper
waveform represents voltage on a scale of 200 volts per major division
(1 cm at the oscilloscope screen). The lower waveform represents cur-
rent on & scale given for each photograph. With the exception of Figure
8e a peak current of 0.3 amps is shown in the left column of photographs
and a peak current of 0.8 amps in the right column. The electrode dis-
tance d is given for each photograph in units of dp = 0.025 mm, i.e.,

d = 24, represents an electrode distance of 0.05 mm.

The photographs show the influence of several discharge para-
meters upon the discharge waveform. Some of these influences will be
discussed in detail in the following sections. However, let us first dis-
cuss two frenomena which are obvious from the photographs but are not
mentioned elsewhere in this report. One is the interval of nearly
constant current preceding the rise of the discharge current to its

8
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peak value 1n every halfcycle. This 1s the interval marked t,-t, in
Figure 2. It 1s clear from Figures 6 - 1i that the amplitudc of

this current I. relsative to the peak current i 1nireasss with fre-
gquency. It is almost 0% of maximum current al 25 Mc/s whereas it

is hardly detectable at 1 Mc/s. Since this current is constant during

a period ot approximately linesr 1ncrease in volitage we can conc.ude
that 1t 1s probably a current charging & capacity. It cannct, however,
e explained as being the current charging the capacity -resent between
the two metgl electrodes in the absense of a discharge  This electrode
capacity would result in a considerably lower charging current. The
major portion of this current results from building up the space charges
ir. front of the cathode in each halfcycle. These spate charges are neces-
sary for the formation of the cathode falti regicn Tne zathode tall
region must be built up in every halfcycle and this resu.ts 1n & ccn-
siderable transpcrtation of charges Conc.usions Can dbe azawn fr-m the
s12e of this charging current ahout some properties <f the cathode rall
region, but this will not be discussed i1n this report

A small variation of very high frequency 1s superimpcesed cn
the current I. in Figure 1l. This is not a discharge property The
frequency is approximately L00 Mc/s and was introduced by the resonance
in the current channel discussed in section III.

The second phenomenon o be mentioned here 1s the ignition
voltage V. which is necessary to start the discharge current in each
halfcycle. This voltage is small fcr small d, rises to & maximum
for medium d and then decreases for large d. For example, it can
be seen from Figure 8 that V, = 360 V for 4 = 2dg, v, = u00 velts
fer d = 2.54,, and V; = 340 velts for d = 8do, For large d, V,
usually 1s not the maximum voltage value in one haitcyc.e but v
r1ses after 1gnition, thus Vp > V.

There are some changes in the discharge wa.efosms witln
frequency. For example, the voltage waveform seems 1. graduassy
approach & sinewave at the high frequencies. While tnis 15 cbvicus
from the photographs one cannct conclude that 1t 1s a discharge
property. The electric circuit associated with the Aislhalge &u50
has an influence on the waveforms ana some of the changes in wave-
form with freguency can bté attributed to this clriull inhliuence.
This will be discussed in the follcwing secticn

For taking the photographs the calibration cf the osc.ilo-
scope was adjusted to correct the parailax error So the feint grid
pattern produced by reflection from the oscirlosccpe screen which might
be seen on some of the photographs has to be disregaraed

c. Influence of Circuit Upon Waveforms

For a discussion of the term "circuit" we refer 1c Figure iZ
There the minimum number of <ircuit elements involved in preducirg and
mgintaining an rf discharge 1s shown. We must have a generatcr with
internal impedance ZE’ a current limiting resistor Rs in series with

o
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the discharge, the discharge gap G and undesired stray capscity

in parallel with the discharge. We will always choose Rg such that
the cordition Rg>>Zg is fulfilled, so that we impress a sinuscdial
voltage on the terminals a-a'. 1In this case Z_ will have no influ~
ence on the discharge waveforms and we can assume %g = 0 for the
following discussion. The "eircuit associated with the discharge"
then consists of the resistor R, and the capacitor Cp.

Ry 1s obviously & necessary circuit element. As can be
seen from the waveforms discussed in the preceding section, the
discharge voltage does not change very much with current, at
least for small 4 and low frequencies. This means that the dis-
charge, once it is ignited, has a very low impedance. Therefore
the resistance Rg is necessary to allow a defined adjustment of
discharge current. Only resal resistances Rs are considered in
this report.

The influence of R_ on the discharge waveform will become
immedistely clear when considering the two extreme cases, Rg>0 and
Rg+=. TIf Ry were zero this would be equivalent to impressing the
generator voltage waveform, a Sinusoid by definition, upon the dis-
charge gap. We must limit the pesk voltage to a value only slightly
above the required minimum (Vpin). Then the current can only flow
during a very short period, as long as ">Vpin. Sinée the voltage
waveform is sinusoidal, the voltage will drop below that minimum
soon after reaching its peak value and the current will stop. The
resulting espproximate current waveform is stown in Figure 13a. In
the other case, R+ =, we force a sinusoidal current through the
discharge. The voltage then will approximately assume a shape as
shown in Figure 13b, reaching the ignition voltage as soon as the
current flow begins and, at least for small 4, approximately
holding the value Vp for the period of sustained current flow
which is the full halfcycle in this case. We will now astimate
what R = O and Rg = » mean in practical terms. Figure 1L
shows that the sinusoidal voltage maintained at the terminsals
a~a' (Figure 12) always is a sum of the voltage over the discharge
gap plus the voltage drop over RS caused by the discharge current:
Vi = Vd + VR' Ir VR<<Vd we have essentially the sinusoidal input
voltage on the discharge gap. If Vg>>V43, the major porticn of the
input voltage is applied across Rg, resulting in an almost sinu-
soidal current, since an almost sinusocidal voltage is applied across
the linear elements R.. If we define s "discharge impedance" by
Ry = Vu/Ip, with Ip=0.5amp and Vp = 300V we get an Rq = 600Q.
Rg>>6002 will th:n approach Ry = = and Rg<<600Q will approach Rg = 0.

Figur«s 15 a, b, and ¢ show the waveforms obtained for I,=0.5
arx; and Rg = 100Q, 5009 and 20009 respectively, using plane parallel
electrodes, 4 = 0.125mm, at 1 Mc/s. From thece photographs it can be
seen that Rg = 1002 approximates Rg = 0 and Rg = 2000 approximates
Ry == as expected from the preceding discussion,
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For the purpose of discharge measurements Ry should not
be too small, becnuse g small R, results 1in a discharge which isg
not very stable. Nor should Kg be too large, because then most
of the available power will be consumed i1n Ry and high discharge
currents cannot be obtained. For most of the measurements Rg = -
500§t was chosen for these reasons.
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The second element in the discharge circuit 1s the stray
capacity parallel to the discharge. 1ldeally, this capacity should
be zero; in the equipment used for the measurements it 1s C_ = 25pF.
The effect of C_ on the discharge is that 1t provides a resé%v01r
of charges 1n pgrallel to the discharge. With 14 the current
through discharge, ig the current through Rg and 1. the current
1nto the capacitor we have

1R=id+lc;

N7 P EIT SYSOTYSS R TS SR

i, may be positive or negative, depending on the direction of charge
of voltage across the capacitor. At least with small electrode
distances the voltage usually drops slightly after ignition. In
these cases the effect of the capacitor is to momentarily increase
the discharge current, To analyze exactly what is going on in the
discharge as a consequence of the presence of C_ is & very compli-
cated problem. The details of these processes, however, are nct

of 1nterest here. We are interested in determining the amount

of dastortion introduced by a certain Cp and the limitations of

the measurements caused by this interference. Figure 16 shows
waveforms ut 1 Mc/s for various values of C_. The value of C

g.ven 15 the total capacity, the sum c¢f the actual stray capacity

5 (25 pF , which cannot be removed) and an additional cspacitor

E placed in the circuit. Up to 125 pF the distortions are tolerable
and the value indicated for V, is the same on gll three photographs.
The waveforms obtained for Cp = 225 p* and Cp = h25pp show & much
higher degree of distortioun and yield a V, reading which 1s approxi-

mately 10% too high. So 125PF seems to be the limit of Cp toler-
able at a frequency of 1 Mc/s,
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It is natursal to expect that a lower value of C, would be
sufficient to cause the same effects at higher frequencies. This
1s shown in Figure 15 (d-f) for S5 Mc/s. By comparing Figure 154-
with Figure 16c¢ one can see that 125pF has the same effect upon
the waveform at 1 Mc/s as does 25pF at 5 Mc/s. Since the stray
capacity 1s fixed at 25pF , the distortion introduced by 1t will
increase with frequency and at 10 Mc/s will be the same as found
for 250pF at 1 Mc/s. This means that with the presently available
system no undistorted waveforms can be recorded at frequencies
greater than 5 Mc/s. We find however, that the waveforms obtained
at higher frequencies with Cp = 25 pF are very similar to those
found at lower frequencies for proportionately bigger C.. From
this we conclude that the different waveforms we get at the higher
frequencies very likely are not due to different discharge behavior
at these frequencies but rather caused by the in{luence of the stray
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capacity C_. If equipment with sufficiently small Cp (= 5 pF) were
available, we would probably obtain cssentially the Same waveforms
at all freguencies between 1-25 Mc/s.

This statement does not apply to the capacitive current
1. which flows before ignition. This part of the current wave-
form increases in amplitude with frequency. (The amplitude of I.
provides a method of identifying the frequency at which a certain
current waveform was obtained. Figure 154 and Figure l6c, for
example, show almost the same current waveform for 1 and 5 Me/s,
with the exception of the amplitude of I,.)

The presence of C, has another consequence too. At
25 Mc/s the reactance of the 25 PF is 250Q2. R, and C, form =a
voltage divider which allows only a fraction of the injut volteage
to build up over the discharge gap. With Ry = 500Q at the
available power level the voltage was a0t large enough to main-

tain a discharge. Therefore R, = 3002 was used for the measure-
ments at 25 Mc/s.

d. Discharge Voltage (Vp)

Vm was defined as the instantaneous value of the voltage
at the time of occurrence of Iy (section II). In this section the
measurement technique and the influence of several parameters on
Vp Will be described.

1. Measurement Method and Accuracy

The voltage waveform was displayed on the screen of
the sampling oscilloscope. V, was read directly from the screen.
The reading accuracy was 5 volts. (corresponding to approxi-
mately *2%).

The absolute calibration of the voltage channel was
performed by applying an rf voltage of krown amplitude to the
electrode holder (1, (Figure 4) and adjusting the oscilloscope
gain. By this method the voltage channel 1s calibrated as a
unit. The equipment used for setting the amplitude of the cali-
bration voltage has an accuracy qf x3%. Combined with the reading
error this results in a maximum deviation of the measured value
from the true value of t 5%. Calibration was regularly checked.

I was also read from the oscilloscope screzn. The
current amplitude is not as critical as the voltage amplitude;
therefore the current channel was not calibrated as acturately.
It is estimated that the deviation of the measured current from
the true current was less than =8%.

12
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2. Influence of Various Parameters on Vp

ey Time

The discharge voltage varices with time even when
8.l other parameters are kept constant. The reason for this dependence
on time is not clear. It is likely, however, that the oxide layer
which develops on the electrode surface covered by the discharge is
responsible for it. Typical measurements of Vm as & function of time with
w.) oth.» parameters being constant are shown in ¥Figure i7 Time
t = 0 represents the time of ignition of the discharge. The current
was changed during the measurement between twc leveis, O 4 and 0.8
amps For this measurement the electrode suriates were cieaned by
f1ling, so that at t = 0 there ygg no oxide layer This iayer,
however, deveiops quickly while the discharge 15 maintained. (Under
the microscope it can te seen that the oxide layer is cnly & faint
darkening after & discharge time of a few seconds, but 1t accumuiates
to & black layer of up to approximately 107¢ mm thickness after dis-
charge times of a few minutes).

The measurements show that Vp varies roughly
exponentially, and after a certslin time approaches a stable value
if the current is kept constant. A change in current will have
two effects. First, there will be a change in voltage which takes
place immediately; second, the voltage associated with the new
current will again vary with time until 1t approsches & ccnstant
vaiuz. The time necessary to reach that stable value depends on
both the current amplitude and the "history" cf the electrode,
1.¢., how long the discharge was on before. It 1s of the crder
of several minutes. The total range of V, associated with &
particuiar current level depends on this level and 1s higher
for low currents. The maximum variation cbserved was 10% at &
current of 0.4 amps.

{b) 1 and Ry

It 1s obvious from ihe measurement sniwm 1in
Figure 17 that Vp depends on the current amplitude Ip. It 1is
also obvious that the change AV which is caused by a change alp
depends on time. Long time influences were discussed in the pree
vious paragraeph {i.e., times in the order of 10 minutes). In this
paragraph ouly such changes of Vy shall be discussed Wuch follow
the current immediately, "immediately" meaning times in the order
of seconds. The determination of the amount of this effect of
I, on Vm has to be done very carefuily, since 1t 1s i1n the same
order of magnitude as several other effects. ¥First there 1s the
time influence on V, which was discussed in the previous paragrapit.
To eliminate this as much as possible we make use cof the resulit-
that Vy 1s most stable for high currents. So we maintain the
discharge at a current level of 0.8 amps mcst of the time and
snly change to cther levels (0.5 amps and 0.3 amps) fir the time
necessary to read V . After each reading we set I back tc 0.8
emps  Seccndly the change of Vp 1s 1n the order ¢f the reading
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error Therefore several readings were taken &t one pcant

(d = constant), the average value of which was taken as the
result. The resultscobtained by this method are shown in Figures
18-20 as a function of electrode distance for three freguencies.
An increase in current results in & decrease of voltage V , the
magnitude at small d being approximately 3% of Vy, for each step
of current amplitude from 0.3 to 0.5 to 0.8 amps

The result in the previous paragraph describes the
chauges of Vp within seconds atter a change in I but woes not
arply fer Vp obtained after longer times or fcr very shost times.
Within any helf cy:ie the instantaneous value of the voitage
never decreases with rising current. Usually the voltage 13
highest when the curreat is at 1ts pesk, sometimes the vclteage
1s constant through the period of current flow (Figure &a;, but
1t does not decrease with increasing current. Mcst likeiy the
effect of I, on Vp is due to temperature changes in the discharge
plasma caused by changing current amplitudes Because cf the
heat capacity of the plasma, the current will be reiated to the
average termpersture during each c¢ne half cycle at the frequencies
of i1nterest here. After secconds however, Jhe plasma temperature can
adjust tc a new current level and result in a different Vp.

Turning to the influsnce of Rg on Vy, we showed pre-
viously (Figure 15) that Rg has a strong influence on the current
wvaveforms. For the same peak current Ip, therefcre, different R
will result in different average currents Igy and thus in different
heating ¢f the plasma From this we wculd expect large values of
R, to yield a icwer value of Vp than smail R;. This is indeed the
case &s shewn in Figure 1Y a, b and c.

{c) Electrode Distance d

Th: influence of the electrcde distance con Vp
shown in the graphs Figures 18-20. Vm always 1ncreases with
increasing d. The rate of increase depends on d and 1: greatest
for smail 4. Thus we read = TO0O V/cm at d/4, = Z and - 1400
V/im st d/d, = 20 from Figure 19. The most significant property
of the Vp-d relation 1s that Vp does nct tend to zeérc when d
approaches zero. There 1s & minimum Vy even at very smail d
The smellest d which could be set for these measurements was
approximately 0.02 mm At 4 smalier than that the discharge
has a tendency to barlid up materilal on Lhe eiectrode suriaces
which forms a conductive bridge between the electrodes within
seconds {reference 3). When this conductive bridgs shcrts the
electrode gap the c¢ischarge stops of -~ourse. For this reuson
1t 1s not possible to measure Vp at d less than 0.0z mm. The
only possible measurement is to graduzliy decrease the electrcde
Gistance, taking the voltage reading just before shorting as the

minimum Vy. By this method a minimum vaiue of 270 V is found for
Vp, Ior frequencies 1-5 Mc/s
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{d) Electrode Material

It is well known that in a dc normal glow discharge
the voltage necessary to maintain the discharge in general depends
strongly on the cathode material. 1In references {(5) and (6) the
following normal cathode fall voltages for several materials in air
are given as:

Au 285 v
Cu 370 V
Fe 269 V
Ni 226 V

From this we would expect that different electrode materials would
yield different values of V_ in rf discharges when all other para-
meters are kept constant. ﬁxperiment shows, however, that different
electrode materials yield V_ values much closer together than one
would expect from the cathode fall values listed. To determine
whether this effect is a particular property of rf discharges,
measurements at dc were made with the same cathode materials.

These measurements were made at 4 = 0,05 mm., The results, in volts,
are in the following table:

I=0.1 amp I =0.2 amp
Au 312 313
Cu 285 287
Fe 285 295
Na, 300 285

This shows that the cathode fall voltages measured at low pressures
do not apply for atmospheric pressure {similar results in reference
(4)) and, second, that at atmospheric pressure the cathode fall
voltages for different cathode materials vary much less than they

do at lower pressures. It is not surprising then, that for rf
discharges at atmospheric pressure the variastion of V_ tor different
electrcde materials is small also. The variation, however, 1s there
and can be measured.

For demonstration of this effect, an rf discharge

was maintained between two different electrodes, one of gold, the
other one of copper . These two materials show a difference in
voltage of 9% at dc. If there is a correspondence between the
voltage measured across a dc discharge and the Vo of an rf discharge,
then we should expect Vp to be higher in the half wave in which the
gold electrode is the cathode. This indeed 1s found to be true and
is shown in Figure 21. To take these photographs the film was exposed
twice, Tirst to record the waveform, second to establizh an accurate
zero voltage reference line. (a dc component had to be messured here
and the capacitive divider system used for =211 symmetrical discharge
measurements cculd not be used.) In Figure 21(a) the copper electrode
1s cathode for the negat:ve half cycle, the gold electrode for the posi-

‘ve one. The upper half cycle yields a Vm which is 5% higher than the
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one of the lower halfcycle. The difference of the two values for V,
15 so small that it might have been due to the nonlinearity of the
oscilloscope trace deflection. To exclude this possible error the
positionsof the two electrodes were exchanged and the result is shown
in Figure 21(b). Here again V, is higher for thelalf wave in which
Au is the cathode, which is now displayed in the lower half of the
screen., This time the difference was 10%; so we conclude that the
real difference is the mean of the two measured values, being = 7.5%.

P

For combinations Cu-Fe and Cu-Ni no difference in Vv
for different polarity hdlf waves could be measured.

(e) Freguency .

In Figures 8-11 typical waveforms for the frequencies
1, 5, 10, and 25 Mc/s are shown. It is obvious from the voltage
waveforms that the frequency has only a small effect on Vp if any at
all.

Bl oo tures 2o argd

Since we are looking for & small effect we will com-
pare only the Vm values at 1, 2, and 5 Mc/s. At higher frequencies,
the circuit introduces distortions into the waveforms as discussed
in section IV, (c).

G e P PR

A statistically designed measurement series was made.®
The following variables and levels were chosen:

two current levels: 0.5 and 0.8 amps

two distance levels: 0,125 and 0.375 mm

three frequencies: 1, 2, and 5 Mc/s

five time durations: 0, 1.5, 3, 4.5, and 6 minutes
after ignition

Five replications were made.

YR

The average values of Vm obtained for these measurements
are as follows:

i | T

£+ 1 Mc/s 2 M¢/s S Me/s
0.5Amp  328.0 329.7 311.9 l
i d=0.125mm }
i 0.8Amp 31k.6 31k.9 303.4 o
| 0.5Amp  382.5 365.0 RN
3 d=0.3T5mm } .
0.8Amp 348.6 348.4 330.0

* Mr., Roger W. Carson gave valuable assistance in the design and
analysis of this measurement series, which is gratefully acknowledged.
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The standard deviation in this measurement was found to be #6,2 volts.
The result shows that the V, values obtained for 1 and 2 Mc/s are nct
significantly different, wnereas the cnes for 5 Mc/s are approximately
5% lower.

(f) Electrode Shape

The absolute values of V_ of two different electrode
shapes cannot easily be compared because of the difficulty of de-
fining the discharge length. For plane parallel electrcdes it 1s
well defined and constant for all parts of the current. For cone
shaped electrocdes, however, we have different "lengths" of the
discharge, depending on which part of the curren. is under consid-
eration. The small portion of the total discharge current which
flows from point to point of the electrodes finds a smaller length
than other parts flowing between areas further away from the point
of the cone. So when changing the electrode shapes we will in
general change the discharge length also and it 1s diffciult to
define an equivalent length for every electrnde shape For this
reason we will not compare absolute values of Vy for different
electrode forms ,but rather compare the change of V, with Im'

For plane parallel electrodes it was found that an
increase in Iy results in a decrease of V. This is not true for
all electrode shapes. For the cone shaped electrode shown in
Figure 22 (c) for example, Vm increases with I,. This 1s easy
to visualize, since each current fraction added to the already
existing current must flow over & longer distance from cne
electrode to the other. Sc when increasing Ip, the average
discharge length is simuitanecusly increased. (Since AVp/AIp<O
for plane parallel electrodes and AVy/AIn>0 for a cone shaped
electrode with cone angle 40°, there should be a cone angle
which yields aVp/Alp = 0j.

Similar considerations are true for the shape shown
in Figure 22 (t). The electrode is & cylinder of 1 mm diameter.
In this case Vp also increases when Iy is increased beyond the
value which just covers the circular area at the end of the rod.
Some results of measurements on different electrode forms are
plotted in Figure 23.

e. Current Density {J)

The definition of current density J &s given in section
I1, is Jp =1 /A Here I, is the maximum current in cne hsalf ¢cydle
and A the area of the electrode surface which 1s covered by the
blue glow. In the following section the measurement method and the
influence of several parameters on J will be discussed.

1. Measurement Method and Accuracy

Two quantities must be measured to determine Jp: the
area A of the blue negative glow, and the peak current Ip.
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The negative glow area A was measured under - micro-
scope. For plane parallel electrodes the width of this glow in a
direction perpendicular to the direction of current flow was measured.
The area 1s assumed circular and the measured width to be the diameter.
In general, however, the area covered by the negative glow is not
round and this assumption leads to inaccurate results. The fact
that the position of the discharge on the electrode surface varies
is another source of error with plane parallel electrodes. Some-
times this variation 1s perodie between one place and ancther. The
change of position may occur so gquickly that the eye cannot distin-
guish between different positions and one gets the impression that
the discharge covers both areas simultaneously. Thus the diameter
of the discharge appears to be greater than it actually is. The
movement of the discharge position depends on the eliectrode distance
d. At some distances the discharge position is rather stable, at
others it varies more. By varying 4 and measuring the minimum dis-
charge diameter one can usually find the true discharge cross-section.

A better method, however, is to use a different electrode
form. With plane parallel electrades, the position of the discharge
is rather arbitrary, as long as the discharge diameter 1s smaller
than the diameter of the plane parallel electrode surface. The dis-
charge has no preferred position on the electrode surface. By choosing
a different electorde shape, however, we can stabilize the discharge
position. With conical electrodes for example the discharge position
will be ain the vicinity of the cone points, because this position re-
sults 1n the shortest discharge length and smallest voltage. By
knowing the geometry of the cone and measuring the length of the
cone covered by the discharge under the microscope one can calculate
the discharge area. Some uncertainty remeins about the discharge
area even here because the portion of the cone surface covered by
the discharge is not exactly symmetrical about the axis. So the
length ¢f the discharge covered cone portion must be estimated.
However, the discharge area can be determined within + 10% for Ip
greater than 0.5 amps. Also it is assumed that the observed area
is the peak instantaneous area. In reality the observed area value
may lie somewhere between the pesk and average values.

The peak current was read from the oscilloscope. The
accuracy of this reading was * 8%, so the error in the final valiue of
Jp, may be as great as + 187.

2. Influence of Various Parameters on J

{a) Current

When measuring the area covered by the discharge as
a function of peak current I, we obtain results as shown i1n Figure 2u.
These results show an almost linear relationship between A and I
The slight deviation from linearity is well within the error limits
as discussed before. So within the accuracy limits of this measurement
we find that A is directly proportional to I, and that J; 1is a constant
with respect to Ip. From the graphs (Figure 24) we determine a mean
value of 30 amp/cm? for J_.
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{v) Waveform

We had chosen the peak value of the current waveform
to define current density. This choice was made for convenience of
measurement. We will now consider the question of whether A depends
on the waveform when Iy, is kept constant. The most convenient way
to influence the waveform is to change Rg.

Measurements were made with RS = 100 ohms and
R, = 1 k{0 at both 1 and S Mc/s., The results are shown in the fol-

lowing table.

f =1 Mc{s

I, (amp) 0.5 0.6 0.7 0.8

Ajgy (mm?) 1.28 1.60 1.92 2.26

A1x (mm?) 1.89 2.40 2.75 3.17

A/A 00 1.48 1.50 1.43 1.50  (1.L5 av)
Tavik/Tavioo Average 1.50

f=05Me/s

I (amp) 0.5 0.6 0.7 0.8

Aygo (mm?) 1.10 1.48 1.70 1.95

Ay (mm?) 1.3L 1.80 2,16 2.40

A/B00 1.22 1.22 1.27 1.23  (1.23 av)
Tovik/ Tavioo average 1.24

In this table:

AlOO = discharge area with Rs = 100 ohms

Ay = discharge area with R, = 1 k

Iavlc) average discharge current with Ry = 100 ohms
Iavlk = average discharge current with R; = 1 kQ
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The average currents were datermined from photographs of the cor-
responding current waveforms by integrating with a planimeter.
They were only determined for 1m = 0.7 amps and assumed equal for
the other currents, since the current wvaveforms do nct change sig-
nificantly between 0.5 and 0.6 amps.

These resuits show, that with a constant I,, the
discharge area varies as much as S50% at 1 Mc/s. An analysis of
the waveforms, however, shows that the average current increases
by the seme factor (1.50) as the area. The measurements made at
5 Mc/s yields a similar result. This result suggests that the
average current is more closely related to the areae covered
by the discharge than the r:ak current. However, the number of
measurements made is not large enough to permit a firm statement
about this point. The numerical value of the average current
density J’V 15 =15 amp/cm¢. It is, however, very inconvenient
1o determine the average value of a waveform as distorted as the
current waveform. Therefore the measurements of J made and
shown in Figure 24 refer to the peak value of current, with &
waveform corresponding 1o Rg = 500 ohms. For this waveform we

get I, 0.5 I, and Jyg 0.5 Jy.

(c) Freguency

The discharge areas found for different frequencies
are plctted in Figure Zk. There seems to be a slight frequency effect
such that the discharge area incresses with freguency, when I, = con-
stant. This effect, however, may be caused by chaiges in the waveforms.

{d) Temperature and Electirode Shape

By '"temperature" we will refer to the temperature of
the electrode surface. The influence of this parameter can be demon-
slrated by the fc.lowing experiment. We use a rod shaped electrode
¢f . mm diameter. This diameter 1s smal. enough to make a 0.8 amp
discharge cover not only the circular end face of the rcd but also s
considerable part ¢f the cyiinder suriace. Thus we can measure the
iength of the discharge ccvered part of the rod accurately. First
we will make the rod iength %) = 3.2 mm, then %5 = 1.8 mm. With
these different iengths we wili cbtain different heat resistances
&aiong the rod and thus buiid up different temperatures at the rod
end when maintaining discharges c¢f equal power dissipation

For an estimation cf whal temperature t¢ €Xpect
we assume that all the discharge power 1s deiivered tc the end
face of the rod end that the other end of the rod 1s connected to a
heat sink of constant temperature (cooling water). The tempersature
aifference which will develop between the two rod ends can be cal-
culated frcm.
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where P = g/t = Power delivered toc rod

>
"

heat conductivity of electrode material

)
i

rod length

Ay

rod cross=-section
For ccpper we find A = 0,9 cal/cm sec °C (reference T)

For & 0.8 amp discharge (P = 120 watts, section IV, f) 60 watts would
be delivered to each electrode. This gives Q/t = 15 cal/sec. & = 0.32
em and A, = 0.78:1072 em? ( 1 mm rod diameter). From this we obtain
AT = 680° C. This estimate 1: certainlytoo high, because first, nct
all heat dissipated in the discharge is delivered to the electrodes
{some of it is used to heat the surrounding air); second, not all

the heat delivered to the electrode is traveling through the entire
length &. Some of it enters closer to the cool end, which reduces
the temperature built up at the hot end of the rod. But we can still
say that the electrode surface temperature will be in the order of
several hundred degrees centigrade, which is significantly different
from the temperature of & well cooled electrode (e plane parallel
electrode of 3.2 mm diameter yields AT:75° C). The temperature
diffoerence can be seen under the microscope, since the rol electrodes
became red hot. For a rod length of 0.18 em the same consideration
would result in AT = 380° C. The results of measurements of dis=
charge areas for these two electrodes are plotted in Figure 25.
Higher temperature of electrcde surface results in more area covered
by the discharge. The electrode shape as such seems to have no in-
flvuance on current density. Only by a secondary effect, inasmuch as
different shapes may result in different surface temperatures, will
different J be obtained. For example,four different electrode shapes
yield the following discharge areas:

plane paraliel 2.4 mm¢

cone 2.4 mm? All for I = 0.8A
long rod, £; = 3.2 mm L.95 mm? st £ =5 Mc/s
short rod, %, = 1.8 mm 3.30 mm?

{e) Electrode Distance and Materials

Within the accuracy of measurement the current den-
sity was found to be independent of the electrode distauce.

Mesasurements with respect to the influence of mate-

rial were only made on copper and brass. No difference in current
density was found.
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f. Power Dissipated in Discharge

Wila the instanturccus w:lues of discharge current i and
voltage v, lhe power dissipated in the discharge is:
T

P=1/T/ av dt
)

The power can be calculated from the waveforms given in the Figures
8-11.

Scme of this power will heat the air around the discharge,
most of it will heat the electrodes by ion impact. Here we are
only considering the total power as given by the above expression.
Obviously, since the waveforms depend on R, frequency, etc. so does
the power. Therefore we will only give an order of magnitude by
considering two cases:

(1) £ = 1 Me/s, R, = 500 ohms, 4 = 0.05 mm

]
1]

{2) £ = 5 Mc/s, Rg = 500 ohms, d = 1 mm

With these quantities we find powesr as a function of peak current.
The result is plotted in Figure 26. For other parameters the power
can be obtained by considering the influence of the parameters as
discussed earlier in this report.

It should be noted that discharge power does not increase
with the square of the current, since voltage is almost a constant.
It is not & completely linear relatiomnship either , however, because
some change in waveform is involved when changing Im' The highest
current measured was 2 amps, this being the limit of the power
generator. At this level of 2 amps a stable glow discharge can be
maintained between cooled copper electrodes. (See Figure 21 {c)).

There is a minimum power necessary to maintain a discharge.

This minimum seems to be approximately 5 watts. With R, = SO. ohms
a discharge with I, = 0.1 amp and P = 8§ watts can be maintained,
An 1 less then 0.1 amp is difficult to establish with Ry = 500 ohms.
The discharge has a tendency to stop. ©Still lower current can be
obtained with larger values of Rg. With Ry = 10 k{, for exemple,

= 50 milliemps can be maintained. The power dissipated in this
discharge is approximately 4 watts. Below this power level no dis-
charge could be maintained. So, under the conditions described in
this report, Iy = 50 milliamps and P = L watts seem to be the minimum
values necessary to maintain an rf glow discharge.

~ V. CONCLUSIONS

We have investigated rf glow discharges in air at atmospheric pres-
sure, in the frequency range 1-25 Mc/s.
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From typical waveforms of current and voltege, it can be concluded
that ignition and extinction take place in every halfcycle. The wave-
forms depend not only on discharge properties, but also on the electric
circuit associated with the discharge. With the exception of I (Figure
2), the waveforms seem to be independent of frequency when operated with
constant associated circuit impedances.

A minimum voltage is required to maintain the discharges. At the
smallest adjustable electrode distances this minimum voltage is 270

volts.

The voltage V, necessary to maintain the discharge 1s essentially
independent of all parameters except the electirode distance d. The
rate of change of V_ with d depepnds on d and was found to be between
500 V/em and 10,000 V/em, All other parameters change V, by only
small amounts = 10%) in the ranres investigated.

The current range examined was 50 milliamps to 2 amps peak cur-
rent. Below 1, = 50 milliamps no discharge could be maintained; the
upper limit of 2 amps was set by limitations of the available equip-
ment. The associated power levels are L watts minimum power necessary
to maintein a discharge, and 300 watts maximum discharge power, limited
by the equipment capabilities.

Within the current range examined the electrode area covered by the
discharge 1s proportional to the current. The current density is con-
stant as a function of I,. As a first order approximation the current
density is independent of &ll other parameters.

The essential discharge properties of rf and dc glow discharges
are summarized in tle following table:

rf discharges de glov discharges
appearance symmetrical asymmetrical
minimum voltage 270 volts 75 volts
(@~0.02mm)
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Current density Jgy =19 amp/em” J = 10-15 amp/cm?
(reference 4)

Difference of V for <10% <3.0%
different materials
(Ni, Fe, Cu, Au)

Important features of rf discharges equal or approximate those c¢f dc
glow discharges. FPFurthermore, Fletcher (reference 8) has shown that
breskdown in air at atmospheric pressure can take place within times

.shorter than 1 ns. One half cycle even at the highest frequency

investigated (25 Mc/s) still lasts 20 ns, thus there is ample time

"in each half cycle to establish, maintain and extinguish the dis-

charge. Breakdown in such short times can of course only occur if
a sufficiently large number of electrons is available at the cathode
at the time of breakdown initiation.

There are several mechenisms possible in an rf discharge which
could provide such electrons: photoemission or secondary emission
by positive ion impact or by impact of molecules in a metastable
state. These mechanisms are possible because ionization and/or
excitation of the discharge gas are maintained to a certain extent
during the time between extinction of the discharge after the pre-
vious half cycle and reiginition in the new half cycle. If this
were not so, (for example if all ionization were lost by recombination
and all molecules returned to the ground state) the discharge could
not continue. Therefore a voltage which is large enough to maintain
a discharge is not large enough to cause breakdown of a gap from a "no
discharge" condition. To initially establish a discharge, the elect-
rodes must therefore be touch.d together and pulled apart.
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APFERNDIX A

-1

DC GLOW DISCHARGH QUANTITIES AT ATMOSPHERIC PRESSURE

There are reports on dc glow discharges in air at atmospheric
pressure in the literature (reference h). The measurements reported
here were made primarily to check the behavior of dc glow discharges
under the same conditions that the rf discharges were examined,
i.e., with the same electrodes and cooling. The measured gquantities
are voltage and current densities.

(1) Voltage Measurements

The voltage was measured with a precision voltmeter, accuracy
* 3 volts. The voltage as a function of electrode distance is given
in Figure Al for two discharge currents. This measurement was made
with plane parallel copper eclectrodes, which were water cooled. The
voltage varies somewhat with time, the amount of variation being
+ 3%.

The minimum voltage for very small electrode separations
{d<0.025mm) was found to be 275 V.

The voltageS found for several different electrode materials
were listed in section IV, d.

(2) Current Density Measurements

The current density J is defined as the quotient of current
and the electrode area covered by the blue negative glow. The values
found for J at different values of current are the following:

r ?

o= 100 L .l%ampe T o= 8.0 iy m?

=
]

200 millamps J = 7.9 amp/cm?

]

o AR IV I A
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