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Electrostatic probe diagnostics have been a staple of plasmasearch since the 1920s.
Many probe theories and datareduction techniques have been proposed and applied over
the years to plasmas with a wide range of characteristics, which can lead to confusion when
trying to determine which technique is appropriate for the application at hand. Four
technigues were applied to a LaB cathode plume in order to determine what the various
techniques produced for a typical cathode plasma.A standard singleprobe analysis was
performed, aswell as three different doubleprobe analyses using a hyperbolic tangent fit, a
technique that looks at the peak separation in the second derivative, and a pieg&se linear
fit. It was found that the cathode plasmawas not entirely Maxwellian, and that the piece
wise linear fit stood out as being least susceptible to deviations from the idealM
characteristics. All four technigues yielded similar estimates of densitywith the exception
that the singleprobe indicated noticeably lower densities within 10 mm of e cathode
orifice. The singleprobe also consistently indicated higher electin temperatures than the
double-probes. The piecewise doubleprobe technique indicated the lowest temperaires,
with the other two double-probe techniques indicating temperatures approximately 50%
higher.

Nomenclature

probe aregm?)

elementary charggC)
electron saturation curre(h)
probe currenfA)

ion saturation current KA)
Boltzmann@K&) constant
electron masgkg)

ion masgkg)

electron number densityn™)
electron temperatur@elvin)
probe voltaggV)

plasma potentigV)

Debye lengthim)

[. Introduction

LECTROSTATICprobes have been a fundamental plasma diagnostic technique since the work Sinitott

and Langmuir in the miell9203. Commonly called Langmuir probes, this class of probe consists of a small
metal electrode which is immersed in the plasma. Tungstenisviypically used for ease of construction. The
probe is biased over a range of voltages both positive and negative with respect to the plasma, with the collected
current providing information about the plasma condifionsangmuir probes have the amtage of providing local
measurements of plasma properties, but the disadvantage of complicated theory required to interpret the resulting |
V characteristic. While the theory of probes predicts characteristics that are simple to dissect, actuatgrobe da
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typically provides traces that deviate from theory. Because of this, many theories and pretss wtian
techniques have been proposed, based on a variety of different assurptigsbe techniques. The wépeead

use of Langmuir probes on adararray of plasmas and the equally large array of interpretation schemes used lend
confusion as to which is appropriate for electric propulsion plasmas.

The subject of this paper is a comparison of four different probe techniques performed oratariathaB
cathode typically used for electric pdsion experiments. One singbeobe technique and three dtetprobe
technigues were implemented and compared. Of secondary interest is the effect of background pressure on the
plume of a cathode, proved by injecting argon gas into the vacuum chamber at variable flow rates. This work will
be followed in later publications by implementation of a laser Thomson scattering diagnostic (LTS), with the probe
data used a baseline with which to compare to dir@asurements of electron temperature and density. Thomson
scattering is a laser diagnostic technique where a pulse or series of pulses from a laser are sent into a plasma and the
scattered spectra arecorded. Using this techniqubke electron energyistribution function, rather than just
temperature, and plasma density can be determined in-nvasive way from the intensity and shape of the
measured spectta

Il.  Experimental Apparatus and Methods

A. Vacuum Facility

Cathode characterization wasrformed in the Nehigan Technological University (MTU) lon Space Propulsion
(IsPLabds Condensible Propell ant -nidamdter by dreland stainlgss te@IP T F ) .
cylindrical vacuum tank with a base pressure beloWwTidr. Rowh vacuum is attained with a 400 cfm tatage
mechanical pump. High vacuum is provided by three Leybold-RB02 turbomolecular pumps with a combined
pumping speed of 6000 I/s.

B. Cathode and Anode

The cathode used was a laboratory cathode with g émidter fabricated in the ISP Lab. The body is made of
titanium and measures approximately 25 mm in diameter by 100 mm long. The cathode orifice is 4 mm in diameter.
All tests reported here utilizedybton as a discharge gas. A tungsten keeper eledsqiced approximately 3.5
mm from the cathode face. A schematic of the cathode can bandégarel.

/— Tungsten Keeper
/

“— LaBg Pellet

— Mo Foil Insulation (MLI) - Tungsten Heater

Figure 1. LaBg laboratory cathode.

The anode was a flat, circular stainless steel plate 125 mm in diameter placed approximately 125 mm
downstream of the cathode keeper. The cathode discharge was started with the keeper, and then all current was
attached to th anode through a Sorenson Dpiwver supplyin currentlimited mode. The discharge current was
fixed at 7 amps and the propellant mass flow was fatet? sccm. Argon gas was injectda controlled flow rate
into the vacuum chamber in order to elevidte background pressure. The cathode was operated at tank pressures
of 4.5 x 10° Torr, 6.1 x 1¢ Torr, 8.3 x 1¢ Torr, and 1.0 x 18 Torr. Anode to cathode voltage at these pressures
was 50 V, 48 V, 45V, and 43 V, respectively. A schematic oéttoele and cathode can be seeRigure2.
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Figure 2. Electrical schematic showing cathode, anode, and measurement grid locations (togw).

Not to scale

C. Probes

The electrostatic probes used consi st of two tungst e
protruding length of the wires is 3.8 mm. The probes were mounted-artia S1otion table, which allows mapping
of the cathod plume for comparison with future LTS measurements. The probes were driven with a programmable
source meter controlled by an automated measurement program written in G. The probes were sviptdrdotn
V in 0.1 V steps, with a measurement time of h6ec at each voltage. Five sweeps were recorded at each
measurement location for both single and double probe traces, with the actual voltage and collected current
recorded. Measurement locations formed a rectangular grid 30 mm by 60 mm with 5 mrg spaeiing half of
the plume, which was assumed to be roughly symmetric based on past probe studies. Sweeps were performed in
pseuderandom order, with a complete data set taking between 60 and 90 minutes to complete.

D. Single Probe Analysis
In orderto handle the large number of traces, an automated analysis program was written in Python. The general
algorithm is similar to the process suggested by David‘Pace

1) Average and smooth the 5 traces taken at each grid point

2) Fit the ion saturation region thia line

3) Find floating potential

4) Subtract the ion saturation current in order to get rid of negative values
5) Take the natural log of the current

6) Fit the electron saturation region with a line

7) Fit the exponential electron region with a line

8) Find the plasmaotential (intersection of the lines in steps 6 and 7)

9) Calculate T from the slope of step 7

10) Calculate electron density

Floating potential was taken to be the zero crossing of the line fit to the ion saturation region. The electron
saturation region usilly was clearly linear after the natural log of the current was taken, but the exponential electron
current region was less linear, as can be BeBigure3.
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Figure 3. Left: Smoothed single probe trace. Right: Fit of exponential electron current region and electron
saturation region, where the intersection is taken to be plasma potential.

The inverse of the slop the red linen Figure3 (from step 7) is equal to the electron temperature in eV. This
value was then used to calculate the electron densitydiog to:

_ Isar |My

Ne = oA, k_Te (Eq. l)

E. Double Probe Analysis

Double probe trace evaluation was also automated using a Python prognane. are several ways to analyze
double probe traces, and three were compared in this workfirfhievo methods apply to the special case when
both probe tips are of the same area, which leads to a hyperbolic taitjehatacteristic. For these experiments
the probes were as close in size as we could make. thdm probe data were smoothed amdeastsquares
hyperbolic tangent fit was performed according to the following equation:

I,(V)=A-tanh[B- (V- E)]+ C-x+ D (Eq. 2)

whereA is the ion saturation current aldis proportional to the inverse of the electron temperature. The other

coefficients are required to perform the fit, but are not of physical significance. Thigjeehviil be referred to as
the hyperbolicangent technique.

The second method that svimplemented was found in the work of Amendiyahis method uses the second
derivative of the probe data to estimate the electron temperature. Differentiating the raw data was not possible due
to noise, and even the smoothed data had too much noidedardifferentiation. Instead, lyperbolic tangent fit
to the smoothed data was found and the resulting function was differentiated twice, yielding a somewhat idealized
curve. The gmaration between peaks was determjragttl used to compute the eleattemperature according to:

AV
Te - 2In(2+V3)k (Eq. 3)
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This new electron temperature was then used to solve for electron deirsifyEq. 1

The third method of double probe analysis that was used is that oF.CITdemeepiecewise linearfits are
performed, one near zero volts and two on the ion saturation current portions of the curve. The intefdbetio
saturation fits with the-gxis are taken to be the saturation currents, and the slope at the origin is proportional to the
inverse of the electron temperature, given by the following:

ar = e litip (Eq. 4)
dV 0 kTe i1+i2 ’

The electra density is then calculategingEq. 1. For a probe with tips of equal area the saturation currents will be
equal, but this method does not require that to be the case.

[1l. Results

A. Electron Density

For all background pressures the electron density faasd to be between 3 x fom® and 2 x 16’ m™.
Electron density near the orifice increased as background pressure was increased. The mass flow rate was held
constant at 12 sccm Kr, and discharge current was heldrap3 The results can be seenFigures 47.
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Single Probe
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Figure 4. Logarithm of electron number censity as measuré by the single probe at A) 4.5 x 10 Torr,

B) 6.1x10° Torr, C) 8.3 x 10° Torr, and D) 1.0x 10* Torr .
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Double Probe (Hyperbolic Tangent)
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Figure 5. Logarithm of electron number density as measured by hyperbolic tangent fit a&) 4.5 x 10° Torr,
B) 6.1x 10° Torr, C) 8.3 x 10° Torr, and D) 1.0 x 10* Torr.
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