REPORT DOCUMENTATION PAGE A LA

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
21-03-2012 Journal Article Pre-Print

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Improved Analysis Techniques for Cylindrical and Spherical Double Probes 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Brian Beal, Lee Johnson, Daniel Brown, Joseph Blakely, and Daron Bromaghim

5f. WORK UNIT NUMBER
23080535

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Research Laboratory (AFMC)
AFRL/RZSS

1 Ara Drive

Edwards AFB CA 93524-7013

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S
ACRONYM(S)

Air Force Research Laboratory (AFMC)

AFRL/RZS 11. SPONSOR/MONITOR'’S
5 Pollux Drive NUMBER(S)
Edwards AFB CA 93524-7048 AFRL-RZ-ED-JA-2012-084

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited (PA #12232).

13. SUPPLEMENTARY NOTES
For publication in Review of Scientific Instruments, April 2012.

14. ABSTRACT

A versatile double Langmuir probe technique has been developed by incorporating analytical fits to Laframboise’s numerical
results for ion current collection by biased electrodes of various sizes relative to the local electron Debye length. Application of
these fits to the double probe circuit has produced a set of coupled equations that express the potential of each electrode relative to
the plasma potential as well as the resulting probe current as a function of applied probe voltage. These equations can be readily
solved via standard numerical techniques in order to infer electron temperature and plasma density from experimental data.
Because this method self-consistently accounts for the effects of sheath expansion, it can be readily applied to low-temperature
plasmas with a wide range of densities without a priori tailoring of probe dimensions to the expected electron Debye length. The
presented approach has been successfully applied to experimental measurements obtained in the plume of a low-power Hall
thruster.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
Dr. Daniel L. Brown
a REPORT b, ABSTRACT C. THIS PAGE 19b. TELEPHONE NUMBER
SAR 10 (include area code)
Unclassified Unclassified Unclassified N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Improved analysis techniques for cylindrical and spherical double probes

Brian Beal,** Lee Johnson,? Daniel Brown," Joseph Blakely,* and Daron
Bromaghim®

1 Air Force Research Laboratory, 1 Ara Rd., Edwards Air Force Base, CA 93524
2 Jet Propulsion Laboratory, 4800 Oak Grove Dr., Pasadena, CA 91109
®ERC Inc., 1 Ara Rd., Edwards Air Force Base, CA 93524

A versatile double Langmuir probe technique has been developed by incorporating
analytical fits to Laframboise’s numerical results for ion current collection by biased
electrodes of various sizes relative to the local electron Debye length. Application of
these fits to the double probe circuit has produced a set of coupled equations that express
the potential of each electrode relative to the plasma potential as well as the resulting
probe current as a function of applied probe voltage. These equations can be readily
solved via standard numerical techniques in order to infer electron temperature and
plasma density from experimental data. Because this method self-consistently accounts
for the effects of sheath expansion, it can be readily applied to low-temperature plasmas
with a wide range of densities without a priori tailoring of probe dimensions to the
expected electron Debye length. The presented approach has been successfully applied
to experimental measurements obtained in the plume of a low-power Hall thruster.

I. INTRODUCTION

Langmuir probes of various geometries are widely used in the diagnosis of laboratory
plasmas due in part to the straightforward nature of their experimental implementation. Of
particular interest for many applications is the double probe, in which a variable voltage is
applied between two electrodes and the resulting current characteristic is assessed in order to
infer the local electron temperature and plasma density.>? Double probes have an advantage over
their single probe counterparts in that their mean potential floats with the plasma and therefore a
stable reference electrode is not required. In addition, the current conducted through the double
probe circuit is limited to the ion saturation current, as opposed to the much larger electron
saturation current that can be collected by single probes.* The result is a less significant
disturbance to the ambient plasma and reduced heating of probe electrodes.

A challenge that is common to all geometries of Langmuir probes is the fact that their
interpretation requires knowledge of the relation between the ion current collected by a biased
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electrode and the local plasma parameters. Often interpretation of the probe characteristic is
accomplished by assuming that the probe operates in one of two asymptotic regimes: the thin-
sheath limit or the orbital motion limit (OML). In the thin sheath analysis, which is appropriate
for very high plasma densities measured with relatively large probes, the plasma sheath is taken
to be vanishingly thin relative to the probe dimensions such that all ions that enter into the sheath
are ultimately collected by the probe. In the OML analysis, which is appropriate for low plasma
densities and small probes, the plasma sheath is taken to be infinitely large compared to the
probe dimensions such that the sheath does not limit the penetration of the electric field into the
bulk plasma. In this case, the probe collects all ions whose momentum relative to the probe
surface is insufficient to escape the electric field around an electrode that is biased negative with
respect to the local plasma potential. While both the thin-sheath and OML analysis techniques
have found widespread use, there are many practical cases in which laboratory plasma
parameters fall between their respective regions of applicability. In these cases, a method is
needed that appropriately accounts for the finite, but non-negligible extent of the plasma sheath.

One of the most extensive assessments of ion collection by a biased cylindrical or
spherical electrode in a collisionless plasma was conducted by Laframboise, whose results were
presented in graphical and tabular form for a range of probe radius to Debye length ratios
(rp/kD).3 Subsequently multiple authors developed analytical fits to Laframboise’s results, which
were generally valid over a limited range of plasma parameters.*>® Recently, Steinbruchel and
colleagues developed an analytical parameterization that is applicable over a wide range of rpy/Ap
for cold ions (Ti/Te<<1), and they successfully applied those results to single Langmuir probes of
both cylindrical and spherical geometry.”®° In the present work, we extend those results to the
double probe geometry in a self-consistent manner that, unlike the single probe, does not require
knowledge of the local plasma potential in order to determine electron temperature and plasma
density.

I1. PROBE THEORY

A typical floating double probe circuit is shown in Fig. 1, where the notation L., len
depicts the positive sense of the ion and electron current, respectively, collected by electrode n.
Defining V,, as the voltage of electrode n with respect to the local plasma potential and applying
Kirchoff’s laws leads to Eqns. 1 and 2. Current continuity through the circuit ensures that the
magnitude of the probe current, I,, can never exceed the maximum current that can be collected
by a single electrode, i.e. the ion saturation current. For this reason, as well as the fact that the
electron saturation current is always much larger than the ion saturation current, both electrodes
are electron repelling (i.e. V1<0, V,<0), with one electrode biased slightly above the plasma
floating potential and the other below it.!> This allows the electron currents to be written as in
Eqgn. 3, where A is the surface area of a single electrode, e is the magnitude of the electron
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charge, ng is the local number density of the undisturbed plasma, m is the electron mass, & is the
local electron temperature in electron volts (i.e. kgTe/e), and I is the thermal electron current to
a probe at plasma potential.” It is assumed that the undisturbed plasma is both quasineutral and
singly-ionized such that the electron and ion densities are equal. Manipulation of Eqgns. 1-3
results in the fundamental double probe characteristic given by Eqn. 4.

Figure 1: A double probe circuit depicting the positive sense of the ion and electron current to each electrode.

lp=la1—la=lo—1, (1)
V, =V, -V, (2)
3 %
l,, = Aneé no(ziﬂme] exp(v?”J =1, exp(\%j (3)
V 1, -1
=1, tanh(—PJJr# 4
% exp(vp)ﬂ @

It is worth noting that the derivation of the above double probe characteristic makes no
assumptions about the features of the ion current collection mechanism. Equation 4 is valid
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regardless of rp/Ap S0 long as the electron distribution function is Maxwellian such that Egn. 3
applies. In the idealized case where the ion saturation current is independent of the applied bias
potential (i.e., 1.1=1+2), the characteristic above reduces to the original symmetric double probe
formulation of Johnson and Malter.™*

It has been shown that the ion current collected by a spherical or cylindrical probe can be
represented by Eqn. 5, where I is the ion current at the sheath edge given by Eqn. 6.”° The fit
parameters a and b are functions of rp/Ap and are given by the expressions in Table I, which have
been reported to produce correlation coefficients greater than 0.997 over the range 3<rp/Ap<50.°
For the cylindrical probe at values of rp/Ap less than 3, the true b parameter deviates from the
value given by Table I and can be approximated as having a constant value of 0.5 over the range

0< rp/Ap<3.
b
I+n = IOa(_an (5)
g

%
A -
I =e no/{mj ©)

Table 1. The fit parameters a and b for 3<rp/Ap<50 (from Ref. 9).

Probe geometry a b
cylindrical 1.18-0.00080(rp/Ap) > 0.0684+(0.722+0.928 X Iy/Ap) 777
spherical 1.58+(-0.056+0.816 X rp/Ap) *"**  -0.933+(0.0148+0.119 X rp/Ap) ***°

The expression above for the collected ion current can be inserted into Egn. 4 to yield the
final double probe current characteristic, which is given by Eqn. 7. To make use of this
expression in deducing plasma parameters from experimental data, one must first relate the
potential of electrode 1, V1, to a directly measurable quantity such as Vp. This is accomplished
by noting that the probe as a whole floats such that no net current is drawn from the plasma, as
shown by Eqn. 8. This equation can be solved implicitly to yield V; as a function of Vp for a
given ion species, electron temperature, and predetermined values of the fit parameters a and b.
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Double probe current characteristics resulting from Eqns. 7 and 8 are shown in Fig. 2 for
cylindrical probes and a range of re/Ap. The dashed line in Fig. 2 shows the double probe
characteristic that results when one assumes the thin-sheath ion collection mechanism originally
described by Bohm.! As shown in Fig. 2, for large rp/Ap the results given in Eqn. 7 are in very
good agreement with the thin-sheath approximation. As rp/Ap decreases (i.e. for small probes
and low plasma densities) the collected ion current becomes disproportionately large relative to
lo. Similar characteristics are shown in Fig. 3 for the case of spherical probe electrodes.

1,/10

-10 -5 0
V, /€

Figure 2: Double probe characteristics for various ratios of probe radius to Debye length for cylindrical
electrodes. The characteristic associated with the thin-sheath approximation is shown as a dashed line.
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Figure 3: Double probe characteristics for spherical probes and various ratios of probe radius to Debye length.
The dashed line represents the characteristic associated with the thin-sheath approximation.

I11. SAMPLE EXPERIMENTAL RESULTS

With the relations established in Section I, a straightforward iterative approach may be
used to determine plasma density and electron temperature from experimental I and Vp data.
This approach starts with initial guesses for ny and &, which can be conveniently obtained using
the typical thin-sheath approximation. These initial values are, in turn, used to calculate
preliminary estimates of Ap, a, and b. Standard numerical root finding techniques may then be
applied to Eqn. 8 to obtain V; at each probe voltage, Vp. These values are then applied to Eqn. 7
and a numerical curve fitting routine, such as the Levenberg-Marquardt method available in
many commercial software packages, is used to determine the values of ng (or lp) and & that
provide a best fit to the experimental data. These values of plasma density and electron
temperature are then used to update Ap, &, and b, and the procedure continues iteratively until it
converges on a self-consistent set of values that satisfy Eqns. 7 and 8.

The method described above was utilized to measure plasma properties in the plume of a
low-power Hall thruster.*? Measurements were conducted in a spherical vacuum chamber with a
diameter of 30-feet, which was evacuated to a background pressure of approximately 5x10°®
Torr. A double probe consisting of two cylindrical tungsten electrodes mounted in alumina tubes
for insulation was placed at various locations within the thruster plume while a laboratory
sourcemeter swept the probe voltage, Vp, and measured the resulting current, I. Each electrode
was 4.8 mm in diameter and 196.9 mm long. The cylindrical probes were pointed at the exit of
the Hall thruster such that the plasma flow was directed along the axis of each electrode. It has
been shown that cylindrical probes oriented in this manner can be analyzed as if the plasma were
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at rest provided the probe is of sufficient length.'® It is possible to incorporate the effect of
directed ion flux to the probe end by adding an appropriate expression for this current to the
expression for ion current in Eqn. 5 and propagating this addition through the subsequent
equations. No such correction was made in the present work due to the large probe length-to-
diameter ratio, which can be expected to make the end effect negligible.

Sample probe data obtained at different locations in the plume are presented in Fig. 4.
Experimental data points are depicted as discrete symbols while the best fit satisfying Eqns. 7
and 8 is shown as a solid line. The represented data correspond to plasma densities of
approximately 1.3x10"" m™ and 1.2x10"® m™. The distinctly different shapes of the Ip versus Vp
characteristics predicted for high and low values of re/Ap can be seen in Figs. 4a and 4b where
the probe radius to Debye length ratios are 8.3 and 0.3, respectively.
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Figure 4: Sample double probe measurements taken at various locations in a plasma plume. Inferred plasma
parameters are (a) n,=1.3x10"" m?, £=0.56 eV, ro./Ap=8.3, and (b) ne=1.2x10" m>, £€=3.92 eV, ro./Ap=0.3. The solid
line in each graph is the best fit that satisfies Eqns. 7 and 8.

IV. CONCLUSIONS

A double probe method has been developed that incorporates analytical fits to
Laframboise’s numerical results for ion current collection by biased electrodes of various sizes
relative to the electron Debye length. Propagation of these fits through the double probe circuit
relations results in a set of coupled equations expressing the potential of each electrode relative
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to the plasma potential and the resulting probe current. The resulting set of equations is well-
suited to being solved via standard numerical techniques in order to infer the local electron
temperature and plasma density. The presented approach has been successfully applied to
experimental measurements obtained in the plume of a low-power Hall thruster.

Because this method self-consistently accounts for the effects of sheath expansion, it can be
readily applied to low-temperature plasmas with a wide range of densities without a priori
consideration of the relationship between probe dimensions and the electron Debye length.
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