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A comparison of emissive probe techniques for electric potential
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The major emissive probe techniques are compared to better understand the floating potential of an
electron emitting surface in a plasma. An overview of the separation point technique, floating point
technique, and inflection point in the limit of zero emission technique is given, addressing how
each method works as well as the theoretical basis and limitations of each. It is shown that while
the floating point method is the most popular, it is expected to yield a value ~1.57,/e below the
plasma potential due to a virtual cathode forming around the probe. The theoretical predictions
were checked with experiments performed in a 2 kW annular Hall thruster plasma (n, ~ 10°—10'°
cm “and T, ~10—50 eV). The authors find that the floating point method gives a value around
2T,/e below the inflection point method, which is shown to be a more accurate emissive probe
technique than other techniques used in this work for measurements of the plasma potential.

© 2011 American Institute of Physics. [doi:10.1063/1.3601354]

I. INTRODUCTION

Emissive probes have been effective in measuring the
plasma potential in a wide variety of plasmas from RF dis-
charges to tokamaks."” But it will be shown that the three
most popular techniques—the separation point method,**
the floating point method,” and the inflection point in the
limit of zero emission method®—do not always give the
same measure of the plasma potential. The experiment
reported in this article seeks to resolve this discrepancy and
determine which method, if any, measures the plasma poten-
tial most accurately.

A related question is that of the floating potential of an
emitting surface. Theory states that the floating potential of a
highly emitting surface will be T,./e below the potential at
the sheath edge,7 but Particle in Cell (PIC)* simulations
show that the potential drop depends on the ion temperature
and may be 1.5T,/e with cold ions, where T, is electron tem-
perature in eV.® Before now there have been no experiments
to determine the real value of that potential drop across the
sheath near a floating, emitting boundary.

Il. POTENTIAL PROFILE NEAR AN EMITTING
SURFACE

Intimately associated with the question of emissive
probe operation is that of the potential profile near an emit-
ting surface. Specifically of interest is a floating emissive
surface, which was first considered by Hobbs and Wesson
for an isotropic Maxwellian plasma with a planar geometry,
ignoring the presheath.” For a non-emitting floating surface,
there are two fluxes, collected electrons and collected ions,
which cause a sheath to form at the surface with a potential
drop from the sheath edge to the emitting surface of
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AV = —(T,/e)In(/m;/(2nm,)), where AV is the potential
drop from the sheath edge to the surface, m, is the electron
mass, and m; is the ion mass. By including emission, which
adds an additional flux of electrons from the probe, the mag-
nitude of the potential drop from the bulk plasma to the sur-
face decreases, which increases the floating potential. The
potential drop can be written as

1-T
AV = —(T,/e)ln| — |, (1)
\/2mm, [m;
where I' is the ratio of emitted electron flux to collected elec-

tron flux. Once I reaches the critical value of
I'. =1 - 8.3,/m,/m;, the floating potential saturates at

AV ~ —T,/e. 2)

These calculations done by Hobbs and Wesson describe the
potential drop across the sheath, ignoring the presheath. Sub-
sequent analyses have shown that the potential drop is
~—0.95T,/e.” At critical emission the presheath drop is
approximately 0.8T,/e,'° so, ultimately, the potential differ-
ence between the floating surface and the bulk plasma
(VF — Vp) is

Vr — Vp ~ —1.8T, /. 3)

Again, this result is for planar geometry. Above the critical
emission level, a virtual cathode forms around the emitting
surface.'! The virtual cathode is caused by space charge that
builds up around the probe at high emission levels due to the
large electron flux from the probe. If the emission current is
further increased beyond the saturation point, the floating
potential will further increase, but will rise proportionally to
the temperature of the probe wire (7),) rather than the plasma
electron temperature,'? which is qualitatively consistent with
early floating emissive probe data.’

© 2011 American Institute of Physics
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Schwager investigated the potential drop across a planar
sheath using PIC codes to simulate a deuterium plasma.® The
end walls had secondary electron coefficients on the order of
1, so there was significant emission from the walls and
although the plasma source was Maxwellian, the bulk plasma
was not necessarily so. For cold ions (7;/T,=0.1, which is
assumed to be the case for Hall thrusters, which are consid-
ered in this paper'?) and the secondary emission coefficient
above the critical value, the potential drop through the sheath
was 0.75T,/e and the potential drop from the bulk to the wall
was 1.5T,/e. This result is comparable to the analytic solu-
tion given by Hobbs and Wesson.

The floating potential of a cylindrical emitter does not
have the rigorous analytical theory that the planar geometry
does nor does it receive the same attention in simulations.
Geometry does not affect the floating potential of Langmuir
probes,'* but geometry may affect how the sheath changes
when emission is included. It is known that the presheath
potential drop near a cylindrical surface is larger than that
near a planar surface due to geometry effects and it depends
on the radius of the probe.'” These factors may affect the
resulting floating potential of a highly emitting cylindrical
probe differently than a planar wall.

lll. OVERVIEW OF TECHNIQUES THAT WERE
COMPARED

A. Separation point technique

The separation point technique is based on the assump-
tion that an emissive probe will emit electrons below the
plasma potential but not above it, which assumes that the
electrons are emitting with zero energy and space charge
effects are negligible.'® A measure of the plasma potential
can be made by taking two current-voltage (/-V) characteris-
tic traces of the probe—one when cold and one when heated
to emission—and determining the point at which the two
traces diverge.>* The probe bias at which the two traces
diverge would be a measure of the plasma potential. How-
ever, since the emitting probe is putting extra electrons into
the plasma, space charge effects may be significant, espe-
cially near the probe. This factor casts doubt on the validity
of the separation point technique.

Secondary electron emission (SEE) may in principle
have a significant effect on the current of /-V traces since the
SEE coefficient (y) can be as high as 0.5 for tungsten in a
T,=30 eV plasma.'” The majority of secondary electrons
are emitted with energies of a few eV. When the probe is bi-
ased below the plasma potential, all SEE electrons are emit-
ted into the plasma, meaning that for a cold probe, the
electron current measured by the probe is less than the
plasma electron current by a factor of (1 —7). When the
probe is biased above the plasma potential, the SEE electrons
are confined by the potential barrier, so the SEE current in
that region is expect to decrease exponentially with increas-
ing bias. The effects for biases above the plasma potential
may result in a rounded knee. Cold probes can suffer from
surface contamination, which changes the work function of
the surface, while emissive probes do not and y depends on
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the work function, so SEE may adversely affect the separa-
tion point technique.

B. Floating point technique

Due to its ease of use, the most popular emissive probe
method for measuring the plasma potential is, by far, the
floating point method first presented by Kemp and Sellen.’
The theory behind this method is intimately linked to that
described in Sec. II. As the emission level increases, Vi rises
and then saturates. The plasma potential is taken to be the
potential of the probe at saturation. This makes the floating
point method extremely convenient because it is a quick,
simple measurement to take. Additionally, it can be used to
easily measure the plasma potential as it evolves tempo-
rally'® or, if the probe is moved, spatially.'” The greatest
source of error, however, comes from the fact that the float-
ing potential saturates on the order of 7,/e below the plasma
potential when space charge effects are considered.” If the
temperature is small and constant, this effect will merely
give the plasma potential measurements a small and constant
offset.”” If the temperature is large (eV), /T. < 1), however,
this offset can be significant and if temperature gradients are
present, the electric field derived from potential measure-
ments will be incorrect. This technique has been often used
in Hall thruster experiments described in previous
papers;'#32! one of these experiments has considered space
charge effects according to Schwager’s predictions and or-
bital motion limit effects.® Additionally, the floating point
technique is the most commonly used emissive probe tech-
nique for fusion plasmas.?***

C. Inflection point in the limit of zero emission
technique

The inflection point in the limit of zero emission tech-
nique was developed to minimize the space charge effects
that plague the floating point method.® The inflection point
of an I-V trace would occur at the plasma potential, but space
charge effects shift it to a more negative potential when
measurements are taken in the bulk.>* By taking multiple I-V
traces at low levels of emission (emission currents on the
order of the electron saturation current or less) and linearly
extrapolating the inflection point to zero emission, space
charge effects on the measurement are greatly reduced. Lin-
ear extrapolation accounts for space charge effects to the first
order. Secondary electrons are not expected to affect the va-
lidity of this technique. If there is SEE current, it effectively
reduces the electron saturation current. Because the inflec-
tion point in the limit of zero emission does not depend on
the electron saturation current, SEE should have no effect on
the technique.

The original paper presenting the inflection point method
contained no theoretical basis for the linear extrapolation,
only that the data looked approximately linear. A better under-
standing can be gained by using Ye and Takamura’s analytical
description of an emissive probe.*” They derived a set of ana-
Iytical equations which can be used to generate a theoretical
emissive probe /-V trace by assuming that ions are cold,
plasma electrons are Maxwellian, emitted electrons are
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FIG. 1. (Color online) A graph of the theoretical relationship between emis-
sion current and the inflection point. A line is fit to the roughly linear region, as
would be done when performing the inflection point in the limit of zero emis-
sion technique and extrapolated to 0.5 V. The plasma potential is set to 0 V.

emitted with negligible energy, the collector geometry is cy-
lindrical, and the emitter geometry is planar. The greatest
weakness of this model is the planar emitter. In reality, emis-
sive probes are almost always cylindrical, but solving Pois-
son’s equation with emission in this geometry has never been
done. The error resulting from this approximation is discussed
at the end of this section.

A large number of /-V traces, and, subsequently, inflec-
tion points, can be calculated with this model. For a range of
probe temperatures, the /-V traces were calculated and the
temperature limited emission and inflection point were deter-
mined. These two values correspond to a single data point on
the inflection point versus normalized emission current graph
in Fig. 1. Notice that the vertical axis shows emission current
normalized to electron saturation current. Three general
regions of this graph can be identified. First, at lowest emis-
sions, the graph is nonlinear, but as the current increases it
straightens into a region that is roughly linear. When the
emission is high enough, the inflection point becomes inde-
pendent of the emission current. All of these features can be
identified in real data such as those shown in Fig. 2.

The major difference between the theory and experiment
is the difference in scale of the vertical axes in Figs. 1 and 2.
The data show emission levels that are three orders of magni-
tude above the theoretical levels. This difference is due to
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FIG. 2. (Color online) Real data showing the relationship between emission
current and the inflection point. The plasma potential cited is that measured
by the inflection point in the limit of zero emission technique.
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the fact that the theory is based on a planar emitter. In the
first paper, on the inflection point in the limit of zero emis-
sion technique, it was noted that the emission scale
decreased by a factor of ten when the probe wire radius was
increased from 0.003 cm to 0.03 cm, while both gave the
same measure of the plasma potential.® This trend suggests
that the more planar a probe is (i.e., the larger the radius) the
smaller the emission scale is on the emission versus inflec-
tion point graph. Extrapolating, one would expect that a pla-
nar emitter would have a much smaller emission range
corresponding to the linear region than a cylindrical emitter.
This could be due to the difference in space charge around
probes of different radii, which occurs because the ion den-
sity profile in the sheath is steeper in cylindrical geometry.
The authors conclude that Takamura’s theoretical descrip-
tion of emissive probes still gives good qualitative support
that the inflection point in the limit of zero emission method
is accurate to within (7,/e)/10.

D. Inflection point of a Langmuir probe

For completeness, the inflection point of a Langmuir
probe method of measuring the plasma potential was com-
pared in this paper to the emissive probe techniques. This
method is not an emissive probe technique, but it is the other
common probe technique for determining the plasma poten-
tial.?® Probe theory suggests that an inflection point exists in
the /-V trace of a Langmuir probe at the plasma potential in
ideal conditions.'* Ideal conditions, however, are rarely
achieved and there are plasmas in which Langmuir probe
techniques are difficult to use. If an electron beam is present
in the plasma, an inflection point at the beam energy is cre-
ated in the /-V trace which can be easily confused with the
inflection point due to the plasma potential.'**” Addition-
ally, the knee of an I-V trace is usually rounded due to con-
tamination, potential fluctuations, and SEE effects (see
Sec. III A).14 The most persistent issue, however, is noise
effects on the uncertainty of the measurement, which is dis-
cussed more thoroughly in Sec. V C. Only if the plasma is
simple enough can the Langmuir probe technique be used to
measure V,.

IV. EXPERIMENTAL SETUP
A. Hall thruster

The various methods for measuring the plasma potential
were tested in a 2 kW cylindrical Hall thruster (see Fig. 3).
The Hall thruster itself is not of particular importance except
as a plasma source. It was chosen as an ideal device for this
experiment because conditions in such a plasma are far from
ideal, with aspects including large potential and pressure gra-
dients, relatively high T, flowing plasma, drifting electrons,
magnetic field, beam electrons, high energy electrons from
the cathode, and non-Maxwellian distributions.'??!:28-29
Measurements were taken 0.5 cm axially away from the face
of the thruster and between 0 and 0.2 cm radially inward
from the outer edge. The plasmas examined in this region
had a wide variety of temperatures and potentials, magnetic
field, secondary electron emission effects, and ion drift.
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XY translator

Hall thruster

FIG. 3. (Color online) A photo of the Hall thruster used in the experiment
as well as the probe and translational stage.

Additionally, simulations have predicted that the electron ve-
locity distribution function (EVDF) in a Hall thruster is
strongly non-Maxwellian and highly anisotropic.’?' Per-
pendicular to the walls, the EVDF has a depleted tail, while
parallel to the walls (perpendicular to the face of the
thruster), the EVDF has an enhanced tail. In order for an
emissive probe technique to be robust, it must be able to
make measurements with all of these non-ideal conditions
affecting the probe.

The Hall thruster has an outer diameter of 12.3 cm, an
inner diameter of 7.3 cm, and a channel depth of 4.6 cm.
Two electromagnetic coils produced a magnetic field with a
maximum strength of 100G, but only 50G at the measure-
ment locations. The working gas, xenon, was flowed from
the anode, which was biased between 250 and 450 V with
respect to the cathode. This bias is known as the discharge
voltage. The cathode was biased at —15 V with respect to
ground. These discharge parameters created a plasma with
n,~ 10°-10"" cm ™ and T, ~ 10—50 eV (the plasma param-
eters varied across this range spatially within a single dis-
charge). The large variation in electron temperature is due to
the acceleration region and corresponding temperature gradi-
ent existing at different axial locations depending on the an-
ode bias.'? The characteristics of this device are explained in
greater detail elsewhere.'?

B. Emissive probe construction

A diagram of the emissive probe used is shown in Fig.
4. The alumina (Al,O3) tube was double bored to accommo-
date the two separate sets of wires leading to the probe. The
probe was constructed by first inserting the probe filament
made of 0.005 cm diameter thoriated tungsten so the wire
stuck out the opposite end of the tube through both bores.
The emissive probe wire was secured by inserting seven

Boron nitride tube \

Probe wire + 2 x 7 additional W wires

FIG. 4. A schematic diagram of the emissive probe design.
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pieces of tungsten (not thoriated) wire of the same diameter
into the bores but leaving the two tubes electrically con-
nected only by the filament wire. The wires on the filament
side of the tube were flush with the tube face but extended
out the opposite end as a means of connecting the probe via
interconnects to the wires leading to the circuitry. By insert-
ing seven additional wires into each bore, the electrical con-
tact and mechanical security were maintained. The total
resistance across the whole probe construction was ~2€.
The boron nitride tube covered the 0.5 cm of alumina closest
to the emitting wire which served to reduce secondary elec-
tron emission.

The probe was mounted on a two dimensional translator
that could move the probe radial and axially. The alumina
probe shaft was over 10 cm long, so the probe mount was far
enough from the plasma as not to perturb it (see Fig. 3). As
mentioned in Sec. IV A, the probe itself was moved very lit-
tle and not at all while data were being taken.

C. Electronics
1. Floating point

As mentioned before, one reason for the floating point
method’s popularity is its ease of use, which can be seen in
the electronics necessary to take measurements. A circuit
diagram of the electronic system used to make measurements
with the floating point method is shown in Fig. 5. The system
consists of a power supply swept at a low frequency (~0.1
Hz) with a triangular waveform which heats the emissive
probe filament to emission. The power supply was a bipolar
amplifier that was controlled by a function generator; the
bipolar amplifier was used because almost 3 A of current
was necessary to make the probe emit enough. The floating
potential of the probe was measured using a high impedance
operational amplifier to which was added one half of the
heating voltage.** This adjustment was made to better esti-
mate the potential at the point on the probe where the tem-
perature was highest and emission was largest, which was
assumed to be the middle of the filament.

2. |-V traces

The three other methods were performed by taking one
or more [-V traces at various emission levels. The circuitry
for all of these methods was the same, it was just in execu-
tion that they vary. Figure 6 shows the circuit diagram used

EMISSIVE

PROBE
VieaTinG

POWER
SUPPLY

500 MQ

5.05 MQ

dWY-0SI
<

FUNCTION
GENERATOR

FIG. 5. The circuit diagram of the electronics used to measure the floating
potential of an emissive probe at saturation.
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VHEATING
FUNCTION 200Q
GENERATOR CURRENT |/l POWER EMISSIVE
B SHUNT /T SUPPLY PROBE
o
% /\N\/ FIG. 6. The circuit diagram of the elec-
a tronics used to take /-V traces.
=
Yol
W o
i
@]
IproBe %
% VPROBE

to take emissive probe I-V traces. The bias on the probe was
swept by a function generator with a sinusoidal waveform at
30 Hz amplified by a bipolar amplifier. A high sweep fre-
quency was desired because when the probe was biased
above the plasma potential, the collected electron current
further heated the probe, leading to an inconsistent emission
current over the /-V trace. However, if the frequency was too
high, hysteresis would adversely affect the data. By setting
the frequency to 30 Hz, the hysteresis and additional heating
for high bias voltages were minimized, but both effects were
present, requiring data to be taken only on the rising half
cycle of the sweep. The probe was heated by a floating
power supply that was manually controlled since the emis-
sion only needed to be changed between /-V traces, not dur-
ing them. The probe current was determined by measuring
the voltage across the 200Q current shunt resistor. All mea-
surement voltages were passed through isolation amplifiers
before being recorded via a data acquisition (DAQ) card.

D. Data methods
1. Electron temperature

From probe measurements the electron temperature can
be determined by fitting a line to the semilog graph of the
characteristic cold I-V trace.'* When the electron energy dis-
tribution function (EEDF) is non-Maxwellian, however, the
determination of an effective electron temperature requires
measurements of EEDF. In these experiments, the EEDF was
not measured because that is a non-trivial task for magnetized
plasmas and it was not the purpose of this work. The semilog
I-V traces had two linear regions (see Fig. 7), indicative of a
bi-Maxwellian EEDF. The linear region between 0 and 70 V
is an approximately Maxwellian region and contains most of
the plasma electrons. The region between —150 and 0 V is an
enhanced high energy tail and describes only a small fraction
of the plasma electrons. The temperature of the plasma used
in the data analysis was the effective temperature combining
the majority of colder electrons with the minority in the high
energy tail. The temperature of the high energy tail (7, 1) iS
the inverse of the slope of the line fitted to the —150 to 0 V

region. The temperature of the colder electrons (7, co14) 1s the
inverse of the slope of the line fitted to the 0—70 V region after
subtracting the contribution from the high energy tail. The
fraction of electrons in the high energy tail () is equal to the
current at the plasma potential due to the tail divided by the
electron saturation current. Based on the kinetic definition of
temperature,

To=5me JOO f (0)dv, @)

an effective electron temperature can be derived by assuming
that the EEDF is a bi-Maxwellian (f(v) = o f;,(v) + (1 — a)f(v),
where f},(v) is the hot electron Maxwellian distribution func-
tion and f.(v) is the cold electron Maxwellian distribution
function)

Te‘eff == (1 - OC)Te‘cold + OCTe‘hob (5)
This effective temperature is an approximation to account
for the influence of the enhanced tail of the EEDF. For the
example shown in Fig. 7, T, coa=24.1 eV, T, ot =169 €V,
and o =0.064, resulting in T, .;r=33.3 eV.

——Full |-V Data
2| = Hot Electrons
- = =1-V w/o Hot Electrons
|| =—— Cold Electrons

In(Probe Current)

(O
1
‘ (o

_4 1 1 1 L
-150 -100 -50 0 50 100 150 200
Probe Bias (V)

FIG. 7. (Color online) A typical semilog graph of an /-V curve with lines fit
to the data to determine the temperature. The plasma potential is 109 V,
Tecora=24.1eV, Topo =169 eV, 0=0.064, and T, ;= 33.3 eV. See text
for comments on hot and cold electron temperatures.
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FIG. 8. (Color online) Typical data used to find the separation point. Note
that where the separation point is indicated, the emitting and collecting
curves cross.

The physical origin of the second electron group with
T, hot exceeding 100 eV is not so clear. Particle in cell simu-
lations of Hall thrusters have predicted the presence of SEE
electron beams formed in the sheath.”® According to these
predictions, the SEE beam electrons could gain the maxi-
mum energy of ~100 eV and above depending on the elec-
tric and magnetic fields. However, it is not clear if the
measured second slope is indeed a signature of these elec-
trons. Without going into details of physics of the Hall
thrusters, which is not the topic of this paper, we note that
the current fraction of hot electrons is typically ~5% and
therefore, the difference between T, obtained from the slope
for cold electrons and T, . does not exceed 30%.

A different definition of effective temperature is com-
monly used when defining the Bohm velocity of ions in a
two electron temperature plasma3 4

1 _l—oc o

(6)

Te,eff Te,cold Te,hot

This definition was not used because it is the EEDF that
affects the floating potential of the emissive probe, not the
velocity of ions at the sheath edge. The kinetic definition of
effective temperature (Eq. (5)) is the more appropriate defi-
nition in this application. Using the definition given by
Eq. (6) yields a slightly different effective electron tempera-
ture for the data in Fig. 7, T, o;s=25.5 eV.

2. Separation point technique

Using the /-V trace electronics, two [-V traces were taken:
one with the probe heated, but not to the point of emission,
and one with the probe heated to emission (Fig. 8).>'® The
emission must be large enough to distinguish the two curves
near the plasma potential, so the authors chose the emission
current to be approximately equal to the electron saturation
current. As mentioned in Sec. III A, rather than separating at
some point, the two curves cross. The reason for a crossing
rather than a separation may be an increase in effective col-
lecting probe radius as emission increases. The virtual cathode
that forms around the probe would increase the effective col-
lecting area, leading to a slightly larger collected electron cur-
rent above the plasma potential, but whether or not the virtual
cathode forms when the emitting surface is biased has not

Phys. Plasmas 18, 073501 (2011)

Floating Potential (V)
Heating Current (A)

7 9 11 13 18
Time (s)

FIG. 9. (Color online) Typical data used to determine the floating point at
saturation. The saturation occurs around a floating potential of 63 V, the
voltage at which the floating potential does not increase beyond.

been established. There may be more complex factors at
work, such as a non-monotonic relationship between heating
current and electron saturation current, a result speculated to
be caused by probe contamination.”® This crossing point was
taken to be the measure of the plasma potential which, in the
case of the data in Fig. 8,is 114 =5 V.

3. Floating point technique

Using the electronics described in Sec. IV C 1, a mea-
sure of the plasma potential can be made with the floating
point method from data such as those shown in Fig. 9. The
sawtooth shaped line is the heating current on the filament
while the noisier line is the floating potential. The heating
current line does not also indicate the temperature of the
wire, as the wire can continue to increase in temperature
even if the heating current is decreasing. Notice that the time
corresponding to the peak of the heating current also is
approximately the time at which the floating potential satu-
rates. The plasma potential as measured by this technique is
the potential at which the floating potential just begins to sat-
urate, which is 63 = 3 V in Fig. 9.

4. Inflection point in the limit of zero emission
technique

The inflection point in the limit of zero emission method
requires that a number of /-V traces at small emission be
taken, as is shown in Fig. 10. For these traces, the electron
saturation current is difficult to determine but is certainly
between 5 mA and 10 mA. The small bend at the maximum
probe bias is a numerical artifact. Notice that it is not impor-
tant that the temperature limited emissions be evenly spaced,
but merely that there is a decent sample within the range.
The inflection points can be determined by taking the deriva-
tive of the /-V traces and finding the maximum. These values
are graphed versus the temperature limited emission, as is
shown in Fig. 11. Linearly extrapolating to zero emission
gives the inflection point in the limit of zero emission’s mea-
sure of the plasma potential which is 102 + 3 V.°
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FIG. 10. (Color online) A typical set of /-V traces used for the inflection
point in the limit of zero emission method.

5. Inflection point of a Langmuir probe technique

The inflection point of a Langmuir probe method was
performed in exactly the same way as the inflection point in
the limit of zero emission method except only one /-V trace
was taken where there was no emission. Although the probe
did not emit, it was still heated slightly which is not required
for the technique, but it does keep the probe clean and helps
to reduce noise from surface contamination. Figure 12 shows
the derivative of a non-emissive /-V trace and identifies the
inflection point which gives the measure of the plasma
potential, which is 103 = 20 V for the data in Fig. 12.

V. RESULTS
A. Analysis

Data were taken at a fixed location in plasmas with a
wide variety of parameters ranging from T, .= 13 eV and
V,=63 V when the discharge voltage was 250 V to
T,.;r=48 eV and V,=188 V where the discharge voltage
was 450 V. In order for the comparison among the techni-
ques to be meaningful, the measurements must be compared
for the same plasma as described by the two discharge pa-
rameters: (a) anode bias and (b) anode current. Anode bias is
set by a power supply and does not change except by raising
or lowering the setting. The current, however, is determined

[
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for =4
o

85 90 95 100 105
Inflection Point (V)

FIG. 11. (Color online) The inflection points and uncertainties as deter-
mined from the /-V traces in Fig. 10. The error bars are uncertainties in
measuring the inflection point due to noise. The line is a linear fit to the data
and extrapolated to zero emission.
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FIG. 12. (Color online) The derivative of a typical Langmuir probe /-V
trace. The inflection point is difficult to identify because of the noise.

by the plasma itself and can change by a few percent over
time (on the order of 10 min) even if controllable parameters
have not been changed. Even a small change in discharge
current can significantly affect the plasma potential at a fixed
position.

B. Comparison among measurements of plasma
potential

The difference between both inflection point methods and
the floating point method is plotted against effective electron
temperature (Eq. (5)) in Fig. 13. The dashed line indicating
where the difference between the two measurements is 27, o¢ife
is included for reference. Notice that the inflection point in
the limit of zero emission (Vip) and the inflection point of a
Langmuir probe (Vi p) agree quite closely with each other.
Both measures of the plasma potential are consistently
around 27, .¢/e above the floating potential of a highly emis-
sive probe. This is consistent with analytic and simulation
predictions if the inflection point methods accurately mea-
sure the plasma potential. Were the Bohm velocity definition
of effective electron temperature used (see Eq. (6)), the dif-
ference between the inflection point techniques and the float-
ing point technique would be ~2.5T, .¢fe.

100 : . . ; -
= Ve~V /rﬁe%”
vV, -V 2.
sol ® Vi 'F e@” '
2 ,l»"
=4
£ 60F e i
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Effective Electron Temperature (eV)

FIG. 13. (Color online) The differences between the inflection point in the
limit of zero emission method and the floating point method (V;p — V) and
the inflection point of a Langmuir probe method and the floating point
method (V;p— V) versus electron temperature. The dashed line indicates
where eAV easurements = 2T e o This graph shows that a highly emitting sur-
face floats ~27, ¢ below the plasma potential as measured by the inflection
point techniques.
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FIG. 14. (Color online) The difference between the separation point tech-
nique and the floating point technique versus temperature. Notice the large
and varying differences between the two techniques.

Figure 14 shows the relationship between the separation
point technique and the floating point technique. The differ-
ence between these two techniques varies wildly, between
T.epf/e and 4T, pfe. Because the floating point method is
expected to have a consistent relationship to the plasma
potential, it is reasonable to conclude that the separation
point technique does not give a good measure of the plasma
potential.

C. Uncertainty

An issue separate from that of what each method is
actually measuring—the plasma potential or something
else—is that of the uncertainty of the different techniques.
The uncertainty arises from the construction of the method
itself as well as the inherent noise of the plasma. Therefore,
the uncertainties reported here are not universal, they only
hold for the plasmas in which measurements were taken, but
do still have qualitative significance. The authors suggest
that the ordering in the uncertainty levels is the same for
many plasmas.

The separation point method uncertainty arose from
accurately identifying the potential at which the non-emitting
and emitting /-V traces crossed. Typically, there was a range
of voltages where the curves were almost coincident, the two
lines crossing back and forth over each other, which was the
principle cause of the 0.37, .¢/e uncertainty. The uncertainty
in the floating point method was due to the difficulty in iden-
tifying the saturation point of the floating potential. Both
noise and the rounded knee contribute to the uncertainty
which was typically 0.17,c¢/e. This number is the uncer-
tainty in the measurement of the floating potential, not the
uncertainty in the measurement of the plasma potential which
has an additional ~T, .g/e precision error. For the inflection
point in the limit of zero emission, the uncertainty was domi-
nated by that of fitting the line to the data. This uncertainty
varied from plasma to plasma, but was typically around
0.17T, cfi/e. The largest uncertainties were found in the Lang-
muir probe inflection point method. Because the measure of
the plasma potential came directly from the derivative of data,
any noise in the data was greatly amplified in the derivative.
The uncertainty of this method was 0.5T, c¢/e.
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There is an additional source of uncertainty in this
experiment that comes from not precisely knowing the
potential on the emissive probe. The DC current used to heat
the filament leads to a potential drop across the wire, typi-
cally of 3—4 V. Because of the strong temperature depend-
ence on emission described by the Richardson-Dushman
equation

J = AgT2e™" (7)

where Ag is a material specific constant and ¢y is the work
function, the greatest emission will be where the wire is hot-
test. The potential on the wire can be estimated as the poten-
tial at the hottest point since most electrons will be emitted
that potential. It is difficult to know where the hottest point is
on the filament, so it was approximated to be the middle of
the wire.*® To account for the potential drop, half of the heat-
ing voltage was added to the measured potential of the probe.
The uncertainty from this measurement affects all measure-
ments and was half of the heating voltage: ~2 V.

VI. CONCLUSIONS

Although the floating point technique is the most pop-
ular emissive probe method for measuring the plasma
potential, these experiments have shown that it is not the
most accurate. The inflection point methods’ measure-
ments are approximately 27, .¢/e higher than the floating
point method, which is consistent with theory if the inflec-
tion point methods accurately measure the plasma poten-
tial. Therefore, the inflection point methods do give an
accurate measure of the plasma potential. In choosing
between the inflection point in the limit of zero emission
technique and the inflection point of a Langmuir probe
technique, the former yielded a measurement with signifi-
cantly less uncertainty than the latter because it is less
influenced by noise. Additionally, it is known that emis-
sive probes can determine the plasma potential in more
systems than Langmuir probes can, such as in electron
beams,”’27 potential ﬂuctuations,l’22 and sheaths.’” The
authors suggest that the inflection point in the limit of zero
emission technique be used as a standard for plasma poten-
tial measurements. After comparing another technique
with it, one can determine the validity of the other tech-
nique for that specific application.

Although the inflection point methods provide the most
accurate measurements of the plasma potential, the floating
point method can still be useful. If no temperature gradients
are present and the electron temperature is low (eV), / T, <1),
the floating point method will still give a decent measure of
the plasma potential.'>'* Importantly, if there are no tempera-
ture gradients, the Vp measurements will have a constant off-
set, so calculations of the electric field will still be correct.

It is notable that even though the Hall thruster plasma is
expected to be anisotropic and non-Maxwellian, the floating
potential of an emitting surface is quite close to the predic-
tions made with an isotropic, Maxwellian plasma. These
results suggest that the tail of the distribution function does
not play a significant role in determining the floating
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potential of a strong electron emitting boundary. It has been
shown that the high energy tail plays a significant role in
determining the floating potential of a non-emitting bound-
ary.®® An emitting boundary, however, has a smaller poten-
tial barrier than a non-emitting boundary, so more low
energy electrons can reach the boundary, reducing the effect
of the tail. A more detailed investigation into the effects of
the EEDF on the floating potential of an emitting surface
must be done before any solid conclusions are drawn.
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