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' ABSTRACT

An experimental study of unipolar arcs was éqnduc;ed in a low

‘pressure mercury discharge indgctively heated with RF. The results were

found"po be consistent with the coﬁcept of a sheéth mechanism for driving
the unipolar arcs. Floating double-probe measureﬁents of the unipolar arc
plasma parameters'yielded electron temperatureé.éf v2 eV and electron
number densitie5“of3N1 x'lollcm_3,assuming quasi-neutral plasma condi-
tions. The variation of the unipolar arc current with 1) the RF power
ihput and 2) . the metal surface area e#posed‘to ﬁhe plasma Qerified the
predicted dependénce of the arc current on the plasma parameters and the
metal surface area. Finally, alternative méchanisms‘for sustaining the

observed arcs by high ffequency rectification were ruled out on the basis

of the recorded current waveforms of the unipolar arcs.



‘I) INTRODUCTION

Plasma-wall interactions in fusion reactors prodﬁce high-Z
ﬁnpuritieé as a result of erosion of the first wall. The concentrations
of these impurities may be sufficiéntlto effectively cool the plasma'
through radiation and thus ‘quench the fusion reaction. Arc trails of
both linear and fern—like~configurafioné (Figure 1) found in DITE,Z_6
PLT,7 M’acrotor,8 TFR,9 and ZEL&O indicate that some form of arcing is
occurring along with blistering and sputfering. Unipoiar arcs have
been suggested as one of the possible arcing mechanisms contfibuting

to this erosion process.

Unipolar arcs were first described by Robson.and Thonemann'© -

"in 1959 for a low pressure mercury discharge in which an arc spot was
supported on a metal surface next to a highly ionized plasma. This
paper claimed that the arcs were driven by a sheath_potential sgtAup
between an isolated metal wall and the plasma. Since that tiﬁe many
questions have been raised about the cancept of unipolar érés, their
initiation mechanism, and the plasma éonditions needed to supportiéﬁem.
In this study, the initial experimengi)of Robson and Thonemanh was
reproducea and extenaed'to gather quantitative information on fﬁe'nature
of the plasma and the unipolar arc itself. The résults were fhen com-
pared with those predicted by the sheafh theory.

In Section II, a briéf description of the unipolar arc modellO

of Robson and Thonemann is presented, followed by a review of the floating
double-probe theory. In Section III the present experiment is ‘described’

. in detail, and the results are presented in Section IV. Finally, a
discussion of the results and the conclusions and recommendations are

given in Sections V and VI respectively.



Figure 1.

Linear (a) and Fern-Like (b) Arc Root Configurations Observed
on the First Wall of the DITE Reactor (Ref. 2).




II) THEORY

A. Unipolar Arcs

Unipolar arcs are driven;oby the potential drop in the sheath
formed between a plasma and a floating metal wall. The arc current is
made up of electrons that are emitted into the plasma from a localized
cathode spot in the wall and returned to the wall by their random thermal
motion (Figure 2). Since the wall thus acts to receive and emit electrons
driven by this sheath potential the term unipolar arc was used for this

phenomenon.

Given that a metal surface is exposedloto a plasma, electrons
and ions will bombard that surface. Initially, if the plate is at the
plasma potential, the electron current density je to the plate will be
greater than the ion current density ji due to the electron and ion
random velocity differences. The surface will therefore become negatively
charged with respect to the plasma until the potential difference between
the plasma and the plate reaches the sheath potential v (Figure 2a). This

potential acts to retard the electron flow to the surface so that
ki o GO (1)

In general the electron current density je to a floating metal plate at
potential V with respect to the plasma is
1 - e(—eV/kTe)

j = = ev
Je 4 Ba e

(2)
where

[2, (3)

<
Il

(8kTe/1Tme)1
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Figure 2. Unipolar Arc Sheath Mechanism (Ref.10).’



The ion current density at the sheath boundary is given by

I3 7 4%V | ‘ (4)
where
] - \1/2 S
v, = YT _/m,) | (5)
vy & 1. (c.f. Ref. 11) o (6)

The sﬁbscripts e and i refer to electron and ion, and

number densities

=
B
0

e’i
e,e;, = charges
VorVy = velocities
m_,m, = masses

T ,T, = temperatures

The velocity 2 is determined from the Bohm sheath criterion.11
At the plane x = 0 (Figure 3) the ions enter the sheath region from the
plasma with a dfiff velocity v, Assume Ti = 0 so that all ions have the:
velocity v, at x = 0. (The unipolar arc plasma conditions are actually
such that Ti << Te and not zero. The assumption that Ti = 0 simplifies
the calculations. This restriction will be removed below. For low
pressure diécharges, the ions are essentially in thermal equilibrium
" with the neutrals which have a temperature slightly above room temperature.
The particular low pressure discharge 'studied in this experimeht was mercury).
As in Figure 3 the potential V(x) in the planar sheath is assumed to decrease

~moﬁofonically with x.

L7



- Curve 721036-A
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e

Figure 3. The potential V(x) in the planar sheath. The cold ions enter
the sheath at the velocity v.i (Ref. 12).



The conservation of energy gives

v, (x).=-% m,v,~ - eiV(x) . (7)

2 2eiV(x) 1/2
vy G = vy s

i

(8)

where vi(x) is the ion velocity at position x in the sheath. The v, = vi(O).
The ion continuity equation gives the ion density n; in terms of the plasma . -
density no; The plasma density is equal to the density of atoms that have

been ionized. Therefore

n v, = ni(x)vi(x) . (9)
and
2e ,V(x) 1/2
(x) =n_|1- _+ v ; '
0y o m.V.Z . (10)
i1 :

For a Maxwellian electron distribution with velocity cemponents normal to

" the sheath, the electron density is

(11)

n =n e(-eV(x)/kTe)
e o _ ’
Substitution of n, and n, into Poisson's equation results in
%y (x) SR
5 = 4wei(ne—ni) | ‘ : (12)
dx .
- 2e V(x)]_4 0
V(%) /kT i -1/2
N
1 .
° . nv 2 (13)
' i'i



gives

* Then simplifying Eq. 13 with the notation

p = —eiV(x)/kTé

1/2 |

4Tn e
_ o 1
= x|—21

where o~ = dp/dB and p”~ = a0 /d%8.

Multiplying both sides by p* and integrating yields

3 Kp =0T

az (1 + 2%)1/2-

1l +eP? -1
a )

(14)
(15)
(16)

17)

(18)

since p = 0 at B = 0. If E = 0 in the’plasma so'that'po’ =0 at 8 = 0, the

right-hand side of ‘Eq. 18 then has to be positive for all of p. In par-

ticular, for p << 1 the Taylor series expansion of the right-hand side

yields the result that

Q

*

3 pz(—lla2 +1)>0

kT 1/2
> 1 or vi>, —£ .

|

(19)

(20)



This condition is known as the Bohm sheath criterion and says that the ions
must enter the sheath region at a velocity greater than the ion acoustic
velocity. If the ions have finiteutemperature, A will be somewhat lower.

As a mean value the ion velocity becomes

KT 1/2
v, = € -

Returning to the consideration of the sheath potential Vs’ sub-

stituting Eqs. 2 and 4 inté Eq. 1 gives

v, = 52 In(g). e
e : .

CIf theelectrontemperéture Te is sufficiently high VS Will Bé greater than
the minimum potential needed to sustain an arc. This potential is the
cathode potential Vc” If.a cathode spot is then somehow‘initiated'oh the
metal surface the retarding potential will drop from VS to~VC due to the
strong local emission of electrons through?the cathode spot (Figure 2b).
The ion flux is assumed to be neglible. With the lowering of the retarding
potential, more of the high energy eléctrdns from the tail of the electron
energy distribution will flow to the plate. In order to keep the total
current to the plate zero (Eq. 1), the electrons Hitting the plate in the '
vicinity of the cathode must equal those returning to the plasma through

the cathode spot. The electrons make up the unipolar arc current I..

The arc current Ic can be calculated through the use of the above

equations as follows. The arc current IC is-equal to

I, = Aj, +Aj; , (22)
| 1 - ~eVe » |
= A |:Z“e‘?"e exp ( kTe) + nieivi] (23)

10



where A is the surface area of the metal exposed to the plasma. The

quasi-neutral plasma assumption is made-and n=mn, = L The defini-

tions of.'je and ji are taken from Eqs. 2 and 4 above. Using Eqs. 3 and

5 for the velocities yields

k

-~ kT T eV
_ e 1/2 e -
I = Anee [;(;:—) + 6—75_)
i e

12 o (ﬁ—c)] (24)
e

c 2w

Rearfangihg'terms and using the sheath potential Vs gives

kT
e

I =Ane )12 =T, o, (25)
e i ee ane . exP(kTe T exp. kTe *

Since for each'type of cathode material there is a minimum arc current9
needed.to sustain the arc spot, a minimum plate area A exists to support
that current for a given set of plasma conditions. In addition, the

minimum electron temperature needed to fulfill the condition

vV >V 4 (26)
s — ¢

for a given gas can be found using Eq. 21 if Vé is known. The cath6de.

: 3
fall Vc of a mercury pool cathode is "9 V1 which gives a minimum electron
temperature of 1.7 eV for a mercury plasma. For a hydrogen plasma the

minimum Te is 3.2 eV with a mercury pool cathode.

The mechanism whereby the cathode spot is initiated on a reactzr's
‘ ' iy : 14-17
(first wall 1is not understood. It has been suggested that imperfections in .

the wall's surface give rise to high local fields at the meta1 surface that
can cause breakdown.’ Ions accelerated by these fields bombard the wall.to
cause localized spots of high secondary electron emission that form cathode

spots.’

B. DdubleLangmuirProbes

- 1) "Floating Double—Probes18

From Eq. 21 an important plasma parameter for the determination

' of the sheath potential Vs is Te. With Langmuir double probes inserted
11



into the plasma,the electron temperature Te along with the electron num-
ber density n_ can be measured if the plasma conditions are stable, the
charged particles have approximately a Maxwellian distribution, and the
mean free path is large compared to the probe or sheatﬁ dimensions.
Knowledge of the electron number density n, and the electron'temperature
Te allows calculation of the sheath potential Vs (Eq. 21) and the arc
current Ié (Eq. 25).

Electrostatic probes are small wires inserted into a plasma and
electrically isolated from ground. Their dimensions are chosen so that
their preseﬁce has a minimal effect on the plasma and thus the parameters

they monitor. Cylindrical pfobe diameters are typically made cdmparable

~to the sheath thickness which may be several Debye lengths for the particular

plasma conditions. Double probes are biased with respect to each other and

insulated from ground (Figure 4b). When the differential -probe voitage'V is

8 are .

zero, the probes are at the floating potential Vf and no current flows between .

them. By applying a positive voltage V between probes 'l and 2
V= Vl‘_ V2 >0 ‘ C @27n

a current I(V) flows between them. More electrons flow to.1 than 2 which

results in a positive current from probe 2't6'probe 1. The potential dis-

" tribution shown in Figure 4a indicates, however, that both probes are

always negative with respect to the plasma. The less negative probe draws
a net electron cufren;; the more negative probe draws a compensating net

ion current which cannot exceed the ion saturation currents.

Consider the probe characteristic in Figure 5. 1In the case where

V is positive, V., becomes less negative than the floating potential V_ so

1
that it collects electrons. It does not reach the plasma potential V

f

P

however. V2, on the other hand, becomes more negative than the'floating

‘poténtial thus drawing ions. These currents arenot independent of each

other, but are.coupled by Kirchhoff's law

12
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Figure 4a. PbtentialfDistribution between the Probes of a Floating
Double-Probe System (Ref. 18).

Probe 1 | Il Probe 2

S S ey S S

\
Figure 4b. Schematic of a Floating Double-Probe System Showing the
Convention Used for the Sign of I (Ref. 18).
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Curve 721037-A

Probe Current (A)

e E

T’robe 1

Figure 5.

A b £ _Probe?2
PC === £ | H
PtB
Pt P
Voltage (V)

Probe Characteristic for Floating Double-Probe System. Probe
surface areas are equal (Ref. 18). .
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I=4i, -i. =1i_ -i ' " (28)

where i i are the respective electron currents and i i2+ are the

s
respectlﬁe ign currents to‘probes 1 and 2. The monitored :urrent is shown
as Pt.”P‘in Figure 5. By then making V more positive, probe 2 becomes quite
lnegative and collects the saturation ion current.‘ Prohe 1 being relatively
close to the plasma potential collects enough electrons to cancel this ion
current to probe 2. This is represented by the ion saturation regime EH |
of Figure 5. ‘ForPV less than zero the roles of probes 1 and 2 are re-

versed as shown .
An advantage of the floating double-probe measurement is that

the system never draws more than the saturation ion current. This mini-
- mizes the probes' effects on the .system. Double probes also have a
definite reference voltage. One disadvantage ls that the electrons
collected are from the high energy.end of the energy distribution. They
do not,‘therefore, necessarily reflect the behuaior’of the bulk,electrOns

accurately, unless the electrons are truly Maxwellian.

ii) Saturation Ion Currents

The ba31c assumption of this theory is that the probes are always
negatlve enough to collect the ion saturation current. The ion saturation

" current I 1s given by

SAT L : . o
. kT_I - : '
.1 1/2 |
Ioar T 72 AnoeLm. : (29).
i] .

- from the Bohm sheath theory.12 For double probes of equal surface area the

measured saturation ion currents of probe 1, i and probe 2, i,,, are

1+’ 2+

related to ISAT by

if probes 1 and 2 have equal surface areas.

15




Several methods of interpreting the probe characteristics for 1
. ' 18-20 18 1+
and i have been used. One method is to linearly extrapolate the line

2+
through EH (Figure 5) back to the y axis for 1 (See Pt. B) But this is -

2+° A
felt18 to give too low .a value. The method used here is to take the ordinate

20 of the probe transition and saturation regions.

of the asymptote intersection
(Pt. €) Pt. A or the maximum current measured is also- indicated as an evaluation

point for comparison. The i + values are found in a similar manmer.

1
Ihe abové.discussion has applied to plasmé;.wifh‘aAMaxwellian

electron energy distribution. For plasmas with a non-Maxwellian dis-

tribution of several temperature components, the floating dbhble-prébe

characteristic interpretation becomes more difficult. Sﬁch a temperature

distribution could prevent the ion saturation region from assumiﬁg a

fairly flat characteristic as shown in Figure 5 (Region EH) since ISAT would

not be a function of a single Te (Eq. 29). The rgte of rise of the

current in this region could be significant with such plasma conditions.

A stéep slope causes the discrepancy between the current values -at Pt. A,

Pt. B and Pt. C td increase. For this reason single probe'méasuréments

would be an‘advantage sincé they register the various femperature'compo—

nents.?l such Langmuir probe studies in RF plasmas have been conduc;ted.21"2'2

iii) Determination of T and n

< <

From Kirchhoff's law
- (28)
The electron current density in the transition region EE’ is given by

S s (-eV_ /KT ) ‘ ‘ '
1= Ad e 1 e RN G3)

(32)

16



where V1 and V2 are negative, A1 and A2 are the respective probe areas
and‘jr is the random electron current density. From Eq. 28 and.the
.assumption that ;hé measured ion saturation current (i1+ . or iz+‘) is

' indepehdent of V

ar _ %o e o 39
av  av av
Eq.'s 31, 32, and 33 give
‘ o ‘ —eV. Coav
evgir| a0y | T el e B2 L0 o
adle T Tk @ 2dr kT, 4V -
1'r e
- By using Eq. 27 .
dv, dv . .
R e (35)

Eq. 34 becomes

-eV. /KT | 4V -eV, /kT_| dV, - : s
: 1’ el 1 2" e (—=-1) = 0. (36)
At V = 0, Vl = V2 and this gives
i N IR B (37)
dv o A1 ' A2
from Eq. 36. Eq.'s 31, 33, and 37 give
a1 o ALA, e -eV /KT 38)
av | T TA. ¥ A, Jr kTt ¢
o 1 2 e

at V = 0. Since

17




=je | ~ (39)

| Where Vf is the floating potential of the probes, and 11+= A13+
and 12+ = A23+
arl L_e 1+ Tow (40)
v, Kk i, ti,
The -%%:I) thus gives Té by using the measured values Qf the ‘ion saturation

currents i1+ and iz;A. The electron number density can then be found from -

Eq. 29 for the ion saturation current

kT ‘ : .
- 1 e 1/2
ISAT 5 AnoeA m | (29) -
since Te is known through .Eq. 40 and
Isar = %34 = 1, G0

The quasi-neutral plasma condition n.=n =n, is assumed.
. . e

0 i

18



III) EXPERIMENT

A, Discharge Tube

The mercury discharge tube (Figure 6) for the unipolar arc
study was constructed of Pyrex with a diameter of 7 cm and a length of
22 cm. Three nickel plates (anodes) ( 6.0 cm x 4.7 cm x .08 cm ) were positioned
.75 cm from the inner wall of the tube as can be seen in Figure 7. The
nickel sdrfaceS'were simply machine poiished, cleaned with alcohol, and -
rounded at the corners. The mercury pool cathode with a nickel spot-
anchor was located opposite the center plate with a mercury pool surface
area of.apprOXimately 3 Cm3. The two Langmuir probes were 20 mil tungsten
wire, inserted in. the discharge tube, and separated by .5 cm. A length
of .75 cm was exposed to the plasma. A

In order to control the mercury vapor pressure a Plexiglas
reservoir was constructed and glued around the outside of the cathode
(Figure 6) Water was flushed through the cup to keep the cathode at a
constant temperature which was monitored by a thermocouple. This pro- |
cedure controlled the cold spot temperature of the discharge tube which
in turn determined the mercury vapor pressure. Figure 8 gives the mercury

vapor pressure as a function of temperature. .

B. RF Coupllng and Plasma Initiation

The mercury plasma was generated and sustained by RF induction
heating. ‘A copper induction coil of 1/8" tubing was wrapped around the
discharge tube with 8 turns and connected with transmission cable to an
RF generator. VFigure 9a shows the coil configuration. The RF source, a
CVC AST-350 RF generator, operated at 13.56 MHz with a maximum output
of 1 XW. The RF plasma in the discharge tube was started with a tesla

coil after the generator had been turned on to a minimal power level.

19
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Figure 8. Mercury Vapor Pressure as a Function of Temperature (Ref. 23).
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Figure 9A.

Figure 9B.

Discharge Tube and RF Plasma.

Experimental Apparatus.
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The RF power was then optimally coupled into the coil énd the plasma by
tuning the generator with its impedance matching network. Incident
and reflected powers to the coil and plasma were monitored with Bird RF
power meters. These power readings gave an indication of the power

dissipated in the plasma since it could not be directly measured.

| Optimal coupling was determined by first raising the RF power
level until the monitored arc voltage reached the desired value. (The
desired arc voltage will be discussed below.) At this voltage the im-
pedance matching network was fine-tuned to give the same arc voltage at
the lowest incident and reflected powers. Visual observation was also
used to assure uniform brightness of the plasma throughout the discharge

tube volume.

C. Switching Circuit and DC Arc Initiation

To initiate the arcing process and to stabilize the cathode
spot on the nickel spot-anchor, a DC arc was struck between the nickel
anode and mercury pool cathode with the voltage being applied by the 250
V DC power supply shown in the switching circuit of Figure 10. (Switch
S2 was closed and switch S1 was open for DC arc initiation.) The arc
voltage between the nickel anode and mercury pool cathode was monitored
by a DC voltmeter. The DC arc could be struck with or without the RF on,
but initiating the DC arc with an RF plasma present caused the RF plasma
conditions to change enough to again require the RF impedance matching

optimization process.

The 1.0 puF capacitor and 25 mH inductor in the switching circuit
acted to filter the RF from the DC power supply. The DC ammeter and the
oscilloscope across the .01Q2 low inductance shunt monitored the arc
current and its waveform in both the DC and unipolar arc modes. The
cables to the discharge tube from the circuit were laid parallel to the
axis of the tube to minimize the RF pickup. This cable was a twisted
pair with a shield that was allowed to float. The grounding point was
carefully selected for this circuit to minimize the RF pickup.

24
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‘The DC arc mode was defined for the switching circuit when
the toggle switch S2 was closed and the mercury contact switch S1 was
open. By closing S1 to connect the cathode and the nickel plates and
then opening switch S2 to remove the DC supply, the system waé put. into

the unipolar arc mode.

- D. Unipolar Arc Mode

From thé initial low power RF plasma (<100}W incideﬁt) and the
DC arc, the arc voltage was monitored as the RF pbwér was increased. The
voltage was found to. be a function of the RF‘power<input so thét it '
dropped from the 12.7 V of the DC arc to a negative value as the RF power
' was increased. .The maximum negative voltage observed wés —9;to -10 V..
Bélow a voltage of -4 V;with a DC arc current of 1 A or greater, the DC
érc mode could be converted to the unipolar arc mode by the Qpération of
Si'and S2. The DC ammeter and the oscilloscope continued to monitor

a flow of the same polarity current throughoht the switching process.

In Figures 1lla and 11b the unipolar arc mode configuration for
this experiment is compared to that for the fusion reactor. first wall
" in contact with a plasma. The first figure in lla is a view 6f the
discharge tube's cross section.' The second is a rearrangement of that
geometry for a comparison with Figure 11b. 1In the case of the first wall,
the cathodelmaterial is the same as that of the electron collecfing surface.

" is used for the unipolar arc mode 'rather

("Electron collecting surface
than "anqde" as will be discussed in Section V.) 1In this experiment the
cathode is a mercury pool while the electron collecting surtace is a

nickel plate.

E. Probe Characteristics

Probe characteristics of the RF plasma alone, the DC arc plasma
with and without RF, aﬁd the unipolar arc plasma were taken with the aid
of the circuit shown in Figure 12. By -adjusting the 5 k potentiometer,
the differential probe voltage V was varied from a minimum of -9 V to
a maximum of 9 V or from a minimum of -6 V to a maximum of 6 V depending
upon the particular run. The current drawn through the probes was
monitored by measuring the voltage drop across the 1.8 kQ resistor and

plotted as a function of the differential probe voltage on an X-Y recorder.
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Figure 11b., Configuration of the Unipolar Arc Mode for a Fusion Reactor.
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‘The leads for the probes were a twisted pair of wires with a
floating shield. This cable was brought from the discharge tube along
a line parallel to that of the tube's axis. This was necessary to re-

duce tHe RF pickup. If the amOunt 0of incident RF power was greater than

- 600 W and the reflected RF power was greater than 55 W, the probe data

deviated from the desired characteristlc shown in Figure 5. This will
be discussed in further detail in Section V.

B DatafCollection

With the experimental apparatus as described above, studies

were conducted by monitoring:

1) the arc current and- its waveforms
'~ 2) the arc voltage before switching
A 3) the probe characteriStics '
'4) the RF power settings

5) the mercury pool cathode temperature at the glass‘ﬁall.,':
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IV) RESULTS

A. General Observations

Initiation of the DC arc was most easily accomplished by
applying 250 V across the anode and cathode with a small amount of RF
power sustaining a plasma, A§,th¢ DC vol;age was turned up from 0 to
250 V, prior to che arc'initiation, the bright RF plasma region could be
seen to draw away from the cathode area. As. the RF power was then-.in-
creased the bfight ‘plasma. dropped slowly down towards the cathode until it
seemed to tonch the mercury pool. At this instant the DC arc wodld be
initiated andythe cathode spot would runaround the edgerf the. pool Eventually the
cathode spot would settle onto the nickel spot-anchor as a bright ring circling
at the interface of the mercury and the nickel spot—anchor.- The arc
. ini;iation changed the plasma parameters so that both the incident and
reflected RF pawers decreased about 10 to 20% and the plasma intensityn
changed. As described the impedance matching network was fine—tnned '
at this point. The RF incident and reflected wattages ran at a minimum
of 310 W and 32 W respectively for unipolar arcs. But in most cases it
was necessary to use more than 600 incident watts due to the specific
impedance matching conditions required. The ratio of incident to

reflected power was approximately 10 for both DC and unipolar arc modes.

Increasing the RF-with the DC arc caused l) the arc voltage
to drop from 12.7 V and 2) the plasma to become more intense throughout
the discharge volume. Finally as the voltage was pushed below -4 V
the switching of S1 and S2 could be done while the arc's cathode snot:
remained visible at all times. In the unipolar arc mode the DC supply
was completely removed from the circuit. | |

The switching at -4 V in many cases caused:the cathode spot

to move off the anchor and eventually extinguish. This was also noted
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as the monitored current dropped to zero. In some caées the cathode

spot would try tore-establish itself, but could not anchor stably again.
Switching at v-8 V resulted in a more stable unipolar arc. Data on the
unipolar arc curreﬁt, its waveforms and probes could not be taken unless

.the cathode spot was firmly anchored on the nickel spot—anchof.

The unipolar arcs could last up to 20 minutes with most of
them lasting less than' 5 minutes. After the arcs extinguished it was
not possible to inifia;e them again for several hours as the system

cooled. Theicathode wall temperature was maintained at ~20° c.

Three a;é tubes of the same design were used for collecting
these data. After runmning the discharge tube under high RF power input,
a pefmanent, silvery coating, présumed to be mercury, began to adhere to
thé walls.of the tube. This coating prevented a sufficient amount of
RF from.being pumped into the plasma as was indicated by the‘inability‘
to drop the arc voltage below ~1 to -2 V before switching. Indeed
with the ;oating presenﬁ the percentage of RF radiated was noticeably
higher at a particglaf incident power and optimal impedance matching
setting‘since all metal surfaces in'the near vicinity would become
slightly "hot" through skin effect heating. As the coatiﬁg became
heavier a greater‘amount of RF power was needed to create unipolar

arcs.

B. Unipolar Arc Data

1)~ Unipolar Arc Current Waveforms

. Waﬁefofms.of the unipolér arc current typically appeared as
in Figure 13b. -The traces. show 1) the RF modulation at 13.56 MHz and
'2) the DC disﬁlacement frém ground-as indicated. The portion of the
RF aﬁplitﬁde attributed to pickup was minimized by use of the twisted-
pair cable, the line along which the cable was laid with respect to
the discharge tube axis, and the choice of the grogqqipg point in the
switching circuit. The DC current values from the oscilloscope wave-
'forms agreed with those shown by the DC ammeter in the switching circuit.
(Figure 13a, for comparison, is that of a 1.35 A DC aré in a low power

RF plasma.)
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1.35 A
~— GROUND

Figure 13a., 1.35 A DC Arc in a Low Power RF Plasma (RF Incident Power
v 95 W).

1.25 A
*—GROUND

Figure 13b. 1.25 A Unipolar Arc (RF Incident Power " 330 W). Scales
for both photographs { 1 A/cm and 50 nsec/cm },
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The current waveforms were observed from the point at which
the DC arc was initiated, with a minimal amount of RF power input, through
the switching operation to the unipolar arc mode. The sinusoidal shape
and freduency of the waveforms did not change. The sinusoidal amplitude
~ however did increase with the RF power increase. The sinusoidal waveform
presumably was due to instrumentation pickup and not actual current measure-
ments. At switching the current was observed to increaée from the 1 to 1.35 A
of the DC arc to as much as 2.1 A for the unipolar arc. The amount by which
the current increased was determined by the negative voltage level prior to

switching, The 2 A current reading corresponded to an arc voltage of -SV or so.

ii) Variation of Unipolar Arc Current with RF Power Input

Once the system was in the unipolar arc mode at a given current,
the probe characteristics were taken to obtain Te and né; Figure l4a
shows a typical probe characteristic of a unipolar arc plasma at 1.2 A

with TI=‘2.02 eV and n, = 2.4 x 1011 cm—3. (A DC arc plasma typically

gave a 'I",e of .5 eV and an n, = 1l1x 1010 cm-3.) The unipolar arc current

was varied by increasing‘of decreasing the RF power input and the probe
characferistics recorded at each current level. Tables 1 and 2 (page 40)
give th'e‘Te and he values for the measured unipolar arc currentsIc af}l.S,»
1.75, and 2.1 A obtained as the RF power was varied. ' Figure 14b shows the
brobe éharacteristic for the 1.75 A reading. - For a greater range of
differential probe voltages the saturation currents oscillated above and

below the saturation values.

1if) Variation of the Unipolar Arc Current with the Metal
Plate Surface Area

' The -three nickel plates were always used in the initiation of
the arcs. After stabilization of the unipolar arc any one electrode could
be.remo§¢d.: Thé arc current change was noted. With thrée plates and a
switching voltage of ~8 V the unipolar arc current registered 2.1 A.
Removing the center plate caused the current to drop to 1.6 A. Switching
to a single electrode caused the unipolar arc to extinguish. Unfortunately
the probe charaétéristics could not simultaneously be taken due to the
instability of the arc. ' The arc anchored long enough to record the external

circuit currents, but not long enough to take the probe characteristics.
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V. DISCUSSION

A. Unipolar Arcs

i) The Sheath Veltage VS

" The transition from the DC arc mode to the unipolar arc mode. -

'was characterized by a decreasing arc voltage with increasing RF power ‘

input. . This decrease in voltage signified that the‘plasma conditions
were changing to increase the plasma density and/or the electron tem-

perature. T was typically observed to increase from ~.5 eV for the DC

'~ arc to approximately 2 eV for the unipolar arcs with ne increasing from

] ox 10lO ’4m_3 to ml){lol _3. The increase in n, from the DC to the

unipolar arc mode may have been due to

1) an. increase in the neutral demsity,

- or

12) an'increase~in the ionization efficiency

with RF heating..- The probe characteristic monitored in the transition region, as

the voltage dropped from 12.7 V for the DC frc to negative voltages for the
unlpolar arc, was inconclusive as to the functional dependence of the T

and ne chenges. This dependence, however, is of considerable interest

to the basic understanding of the transition process.

By substitnting these measured Te values for the unipolar arc .
plasme.intb Eq.. 21

kT

- e 1
Vs 2e In(

it
2mm
e

) (21)
the sheatn potential for the unipolar arc mode was found to be ~11 V.

Given then thaf the'cathode‘fall VC is 9 V, this value of VS meets the

criterion for unipolar arcs that
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\' z_V

s (26)

c
Eigure 15 shows a schematic representation of the plasma aslthe potential
VS builds up. Vs opposes Vc which accgunts for the decrease in

the observed volFage. In the build up of VS the anode or positive drawing
point for the electrons is pushed down into the plasma away from the nickel
surfaces by severidl ﬁeb&e_lengths in accordance with sheath theory. For
our plasma conditions a Debye length was approximately 3 x 10—3 cm_3.
This shift of the anode from the nickel plates for the DC arc into the
ﬁlasma for the unipolar arc -'is a critical concept'for‘thé~unip61ar arc
theory. 1In the unipolar arc mode the nickel plates still serve to collect
the electroris as in the DC arc mode but they no longer act as the complete
anode. The electrons are collected by the nickel piatés which are directly
connected to the cathodé or electron emitting surface. ihé unipolar arc
mode of operation; tﬁereforé,'allows a single plate té collect and emit

electrons in the fusion first wall configuration..
' |

ii) Negative Arc Voltages

As described the switching procedure from DC to unipolar arc
modes could be accdmplishéd below -4 V. The various potential drops
in the system:

1) that across the plasma IcRp (L or 2V)
plus

2) that for the cathode fall v,
would require a sheath potential VS of approximately 11 tol12 V.to sustain
a unipolar arc. An arc voltage reading close to zero prior to switching
would thus be expected given that the DC arc voltage without RF registered
12.7 V.

The negative voltage readihgs can be explained; however, by the
following. The DC power supply was a constant current source and was set
for arc currents of 1.35 A or less. Upon switching to the unipolar arc _
mode the current was observed to increase to as much as 2.1 A. In order
to suppress the current to 1.35 A, as dictated by the DC supply Béfore
switching, an additional negative voltage was needed at the sheath to

repel all but 1.35 A of the electron current. This additional voltage
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pPlus the 11 V required to sustain the potential drops across tbe.plasma
and at the cathode, by the convention shown in Figure 15, oppésed the DC
arc voltage. Thus,ﬁegative voltage readings resulted. IOnce tﬁe-DC supply
was removed the sheath voltage presumably returned to the il V level as

indicated by the Te values of 12 eV observed for uhipolar arcs.

iii) Saturation Ion Currents

Some difficulty was encountered in the determination of the
saturation ion cuiiéﬁts il+ " and 12+ which go into tbé calculation of Te
and ne'(Eq. 40). Iﬁ'Figute l4a the sdturdtion tegioﬁé iével»off in such
a manner that the currént values at the interseéction of the y axis (Pt. C) are
within 10% of the current values at the maximum positive and negative
differentiél probe voltages. The incident RF was 310 W and the reflected
was 32 W for this particular probe characfefistic. When a large amount
: of RF power (>600 W incident and >55 W reflected) had to be used to es-
' tablish stable unipolat drcs, the current did not‘compiételﬁ saturate.
As in Figure 14b, for example; the currents are seen to reach regions at

the high and low voltages ﬁhére the rafe of rise is not as steep as that of

‘the central voltage region but it is still significant; The iﬁéident RF

was >800 W and the reflected was 80 W. The value of the ion saturation
current 12+ at Pt. C is 30% less than that at Pt. A.' These various points
for,evaluating the ion saturation  current were discussed. in Section II. . The

~resulting T and he values are

Pt. A Té = 2.48 eV
ne =1.16 x 1011 cm—3
Pt. C T =1.92 v

n_ = 1.02 x 101! m3

for Figure 14b.
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As previouslv described a non-Maxwellian temperature distribution with
several temperature components may account for the effects in the
saturation regions. Single probe.measurements should resolve this

' question concerning the temperature components. Similar procedures

were used in determining il*:.

iv) . Unipolar Arc Current

Using Eq. 25 to calculate the unipolar arc current I o’ a com-
parison with the measured I was made. The T and ne values computed
from the ion saturation currents taken at the asymptote intersection and
the maximum ion current,were used in this calculation. Table 1 and Table 2

summarize this‘information for the unipolar arc currents of 1.5, 1.75,

<and 2.1 A monitored ‘as the RF power was varied. In Table 1 the results
were calculated from the ion saturation currents taken at the asymptote
intersections (Pt. C). The values in Table 2 were calculated from the
maximum:ion'saturation current (Pt. A). . Thelcalculated currents Ic-vere
found to be quite sensitive to the electron temperature due to the expo-
‘nential dependence of Eq. 25 on T . A 25% change in T brought about a’

factor of 10 difference in the calculated currents.

Spec1fica11y, the calculated values of I in Table 1 are a factor
of NlO below the monitored current, and they do not increase with the RF
power.. In comparison, the calculated values of Table 2 are in close
. agreement with the measured values. Table 2 shows that Te remained fairly
' constant w1th increasing RF power while ng changed sufficiently to bring about
the observed change in Ic. In other words, I, is proportional to the ion
K saturation current. TFigure 16 shows;this relationship between I. and IgAT.
(See Eqs.'2§, 29, and 30.)
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Table 1

1.87

IC RF T n Y I
| e 11 -3 S b
(measured) (reflected) (ev) (x 100" em 7) 4] (calculated)
1.5 A 75 W ©1.92 1.02- 10.5 .29 A
1.75 A 80 W 1.76- 1.43 9.7 .15 A
2.1 A 90 W 2.05 1.68 11.3 .81 A
Table 2
\
L RF T, ' ne Ve Te
. (measured) (reflected) (ev) ( x 101Y cm=3) ) (calculated)
1.5 A 75 W 2.48 1.16 13.6 1.66 A
1.75 A 80 W 2.40 1.67 13.2 2.03 A
2.1 A 90 W 2.54 13.9 2.99 A

Tables 1 and 2 give the plasma parameters and the arc'currents as a

function of RF power. Both tables use the same data but different in-

terpretations of that data.
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The calculated current for the probe'charactefistic of Figure 1l4a
was 1.05 A while the measured value was 1.2 A. 1In general, when the ion
saturation regions of the probe chafacteristics were relatively flat 1) fhe '
Pt. A and Pt. C ion saturation discrepancy ' was obviously less and 2) the

calcqlated gurrénts were closer to ‘the monitored currents. As described above,

the slope of the ion saturation region seemed to ‘increase with the RF power input.

This may have been due toza‘change in the electron energy distribution so
that several témpérature components were present. It should be noted that
©all electron temperature of Tables 1 and 2 are sufficient to give a sheath

potential 'greater -than the cathode fall.

V) Surface Area Effects

‘Equation 25 also shows the arc current to be directly proportional
to the electron collecting surface area A. 'This relationship was studied.'
by using.several»gombinationé of the three nickel plafes. The unipolar .
arcs were initiated with three plates at an arc currént of 2.1'A. By re-
moving the center plate (Figure 6) and‘allo&ing it to float, the current

was made to drop to 1.6 A. Switching to one plate caused the arc to die.

‘ The drop in current ffom 2.1 A was expectéd although a propor-.
tional decrease with the plate area drop of 2/3 would.také IC to 1.4 A.

The plasma changed in intensity at the removal of the center plate indicating

current. Wifhdutvprobe characteristics the nature of this change with Te’

n,, or both is unknown.

Several attempts to support the unipolar arc with one plate
' : .2 .
failed. Presumably the 28 cm of the single plate collected an insuf-
ficient number of electrons to maintain the 1 A or so needed to keep the

2
cathode spot on the mercury pool cathode alive. 4
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B. Alternative Arc Driving Mechanisms
. i) Full-Wave Rectification 2?

‘ The inductive RF heating mechanism, which sets up electric fields.
on the surface 6f;thg'plasma, was considered as an alternative explanation for
the observed results. The surface electric fields could conneét the anode
and cathode as is schematically §hown in Figure 17, and providé the path
whereby the currént would flow bétween the electrodes. Since the fields
change:only their aximuthal direction évery 1/2 cycle, the mercury pool
could remain the cathode at all times. The system would thus operate in’

a pulSedlDC mode ‘while sustaining the cathede spot. The current waveform

would indicate full-wave rectification, but this was not observed, (Fig-

“‘ure 13). -

ii) Half-Wave Rectification 20

Another RF mechanism for sustaining the observed arcs could

" result from cépacitive coupling of the stray RF to the nickel.plates.

‘The induced voltages at the 13.56 MHz would cause current to flow only

on the posi;ivé half—cycle. In this half-cycle the plates would act as’

the anode and the mercury:pool as the cathode. In the negative .half-

s eycle, current would not flow since the nickel plates could not act as

"the cathode at the 1 A current. The expected current waveforms would be

half-wave rectified, but this was not observed, (Figure 13).

RF rectification effects were therefore ruled out as possible

.alternative mechanisms for sustaining the observed arcs.
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Discharge Tube. Anode

Copper
Tubing
For -
RF Induction
Heating

- Cathode

Figure 17a. Electric Field Configuration'Set Up by the.RF Fields. . .

f=21.12 MHz

Arc Current

i i
Figure 17b. Full-wave Rectification: Expected Current Waveform for
High Frequency Rectification.
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'VI. CONCLUSIONS AND RECOMMENDATIONS

The characteristics of the uhipolaruarcs, created in a low
pressure mercury discharge inductively heated with RF, were found to be
consistent with the sheath theory. The transition from a bipolar DC arc
_to a unipolar arc was accompllshed through increasing the RF power input
to the plasma. The arc current and decreasing arc voltage moritored
throughout this process were consistent with the model of changing plasma
conditions needed to build the sheath. A more in~depth study of the
transition and its effects on the ele’ctrontemperature"l‘e and the electron

number density ne would be of great interest.

AThe electron number densities n, and the.electron temperatures
Te.measured with the floating double-probes for the unipolar arc plasma
were sufficient to sustain a sheath potential Vs greater than the cathode
fall‘Vc‘of a mercury pool cathode. The unipolar arc current Ic was
found to be proportional to the metal surface area exposed to the plasma.
This wae predicted hy the theory in‘~Eq.}.25;; The monitored unipolar -
arc current was fgund to increase with inereasing RF pdwer 1npdt. The
arc curtents; calcqlated from the measured To and n, values, were found to be
strongly dependeht upon the electron temperatures and the ion saturation'
currents which changed with the RF power. Since the probe character-

. istics suggested that the electron energy distribution deviated from a
-Maxwellian, had several temperature components, single probe measurements
should be conducted to provide more specific information on the temperature

components. .

. Alternative mechanisms for sustaining the observed arcs through
'high frequency rectification were considered: The recorded current wave-

forms ruled out such arc driving mechanisms. -

Future studies with various cathode materials, different gases,
alternative plasma heating mechanisms, and single probes could additionally
support the findings of this experiment in thellight of the unipolar arc

sheath theory. Extending the study to experiments creating plasma
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conditions similar to those in fusion reactors are specifically needed

since it is not possible to make direct extrapolation from the findings

Afeported here to the fusion case. Information leading to the under-

standing of the initiatiomn procesé; the sustaining plasma conditions,
and the causes of the unipolar arc extinction are of great relevance

to fusion research.
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