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Exit-Plane Electrostatic Probe Measurements
of a Low-Power Arcjet

Rodney L. Burton* and Scott A. Buftont
University of Illinois at Urbana—Champaign, Urbana, Illinois 61801

Improved understanding of the flow processes in a 1-kW hydrazine constricted arcjet is achieved with
multiple electrostatic probe surveys in the exit-plane region of the plume. Quadruple, triple, and single
electrostatic probe techniques are utilized for measurements of the electron temperature Te9 density ne,
and ratio of ion axial velocity to most probable thermal speed n,/cm,H+. Centerline axial profiles of Te and
nc are presented for 2.2-6.2 mm downstream of the exit-plane, yielding Te = 6600 K ± 15% and nc -
3.6 x 1012 cm"3 ±60% close to the thruster exit. Quadruple probe theory is modified to account for
radial gradients in Te and ne over the probe radial dimension, and is used to extract exit-plane radial Te
and ne profiles. Floating probe measurements yield estimates of the radial electric-field profile at the
thruster exit, implying a small amount of current and ohmic heating downstream of the exit-plane.
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Nomenclature
= electrode geometric surface area of electrode k, m2

= most probable thermal speed, m/s
= electric field, V/m
= electron charge, C
= ion composition parameter, nH+/ne
= current, A
= Bohm sheath ion current, A
= current to electrode tip, A
= current density, A/m2

= Boltzmann constant, J/K
= electrode length, mm
- particle mass, kg
= particle density, cm~3; summation integer
= designation for electrode k
- collision cross section
- radius, mm
= electrode spacing, mm
- temperature, K, eV
= ion flow velocity, m/s
- electrode relative bias voltage, V
= floating probe voltage, V
= plasma potential, V
= sheath potential, V
= axial distance from thruster exit, mm
= wake effect collection area parameters
= degree of ionization
= mathematical gamma function
= flow divergence angle, deg
= dissociation energy, eV
= correction to ne caused by N+ ions
= Debye length, mm
= mean free path, mm
= equal to (mH+/mN+)1/2

= electrical conductivity, mho/m; standard deviation,
mm

- electrode end effect parameter
» V'1
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Subscripts
e, i, n = electron, ion, neutral species
g = gas
r = radial
m = measured quantity
1 —4 = electrode designation

Introduction

ELECTROSTATIC probes have found much use in exper-
imentally determining plasma parameters in space and

laboratory plasmas, both to investigate arcjet efficiency and to
validate numerical models.1"6 Several authors7'11 have em-
ployed classical Langmuir12 single probes in the characteriza-
tion of low-power arcjet plumes. While single probes are ap-
pealing because of their relatively simple construction,
interpreting the probe voltage-current (V-I) characteristic is
unwieldy. A viable alternative is the triple electrostatic probe,13

which allows simultaneous measurement of Te and ne without
the necessity of a voltage sweep and generation of a corre-
sponding probe V—I characteristic. The utility of triple probes
for electric propulsion devices has been demonstrated in mag-
netoplasmadynamic (MPD) thruster plumes14'17 and in a 1-kW
hydrogen arcjet plume.18 Additionally, a general review of
electrostatic probe techniques and their uses in electric pro-
pulsion devices has recently been presented.19

Under certain conditions, the crossed-probe technique20'23

can be used to measure ujcm (=plasma velocity/ion most prob-
able thermal speed) in flowing plasmas. The quadruple elec-
trostatic probe24"28 combines the crossed-probe and triple-
probe techniques for simultaneous measurements of Te, ne, and
ujcm. The utility of the quadruple probe has been demonstrated
in an MPD thruster,24'25 and more recently, in the very near-
field plume of a 1-kW hydrazine arcjet.26'28

Despite the utility of triple- and quadruple-probe techniques,
interpretation of the probe response can be difficult in regions
of the plume where variations in plasma parameters are large
over the finite dimensions of the probe. In particular, axial
gradients (along the electrode length) and radial gradients (per-
pendicular to the electrodes) must be considered when inter-
preting measurements (Te, ne) made with multiple electrode
probes. Conventional triple- and quadruple-probe analyses as-
sume no plasma gradients over the probe volume, which is
strictly true only in a uniform plasma or on the axis of an
azimuthally symmetric beam plasma. This article demonstrates
the effect of axial and radial gradients on the quadruple-probe
response in the arcjet near-field plume, presents a modified
quadruple-probe analysis that is capable of handling radial gra-
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dients in Te and ne over the probe width, and provides
experimental results using the revised theory.

Quadruple-Probe Technique
Figure 1 shows an electrical schematic diagram of the quad-

ruple probe, consisting of three cylindrical electrodes (Pl9 P2,
and P3), which are aligned with the plasma flow vector and
one electrode (P4), which is perpendicular to the plasma flow.
P3 and P4 are biased at constant voltages Vd3 and Vd4 relative
to PI, and P2 assumes the floating potential Vf of the local
plasma (/2 = 0). The circuit including electrodes 1,3, and 4 is
electrically floating such that ion current collected at P3 and
P4 is balanced by the electron current collected at Pl9 thereby
determining the potential difference between electrodes 1 and
2 Vd2(Te). The three aligned electrodes 1-3 comprise the triple
probe and yield simultaneous measurements of ne and Te. The
addition of the perpendicular electrode P4 allows the measure-
ment of the parameter M,/cm, determined from the ratio 74//3 for
crossed electrostatic electrodes with Vd3 = Vd4. For the quad-
ruple probe, the measured quantities are the electrode currents
73 and I4 and Vd2. Currents /3 and 74 are determined by mea-
suring voltage drops across resistors (R3 = R4 = 100 H). The
electrode bias voltages Vd3 and Vd4 are provided by 12V bat-
teries, such that Vd3 = Vd4. The theoretical probe response, as
given in Eq. (1), is insensitive to the bias voltage over the
range 8 < Vd3 < 16 V.

Probe Geometry
A schematic diagram of the quadruple probe used in this

study is shown in Fig. 2. The probe is comprised of four in-
dividual tungsten wire electrodes of 0.25 mm diameter with
an exposed length of 2.5 mm for electrodes 1-3 and 2.0 mm
for the perpendicular electrode 4. The location of the perpen-
dicular electrode has been modified from that of previous
probes, to coincide with the axial midpoint of the three aligned
electrodes. Each wire is mounted in round single-bore alumina
(A12O3) tubing, which is in turn mounted in, and supported by,
thin-wall stainless-steel tubing. This assembly is mounted in a
larger stainless-steel tube to facilitate connecting the probe tip
to the probe-positioning mechanism discussed later. Inside this
larger tubing is a four-bore alumina tube that electrically in-
sulates the four probe leads. A high-temperature ceramic-based
adhesive29 is used to bond each of the probe electrodes and
components in place. A small quantity of adhesive is placed
at the junction between P4 and its single-bore alumina tube to

Fig* 1 Quadruple-probe electrical schematic diagram.

Side View End View

Alumina Tubing
Probe Motion

Fig. 2 Schematic of quadruple-probe tip swept through the
arcjet plume.

electrically insulate part of the electrode, thereby reducing the
error associated with determining the geometric surface area
A4(Fig.2).

The center-to-center separation between electrodes 1 and 2
is 1.4 mm. This spacing, along with electrode lengths of 2.5
mm, allows an unaligned quadruple probe to tolerate flow di-
vergence angles 6 — 30 deg, without shadowing of one elec-
trode by the other. In an effort to minimize the effect of the
probe geometry on the plasma flow, a stepped transition be-
tween an electrode and its support has been implemented. The
diameter of the single-bore alumina electrode support is —0.8
mm, which minimizes perturbations of the plasma flow at the
support end. The exposed length of the single-bore alumina is
—5 mm. Ceramic adhesive is used to fill the void and ease the
transition between the electrodes and the stainless-steel probe
support tubing (Fig. 2).

Probe Length Scales
For the conditions expected at the exit-plane probe location

(Te - 0.6 eV, ne - 4 X 1012 cm~3), the Debye length is 3 X
10~4 cm and the ratio of electrode radius to Debye length rpl
\D ~ 45 9 so that the ion sheath surrounding the electrodes can
be characterized as thin. For probe measurements 5 mm down-
stream, this ratio increases to rp/\D — 55. The spacing s be-
tween electrodes 1 and 3 (Fig. 2) is —1 mm, so that s/\D >
250 and the sheaths on adjacent electrodes do not interact.

To avoid strong sensitivity of the ion current to small mis-
alignments between the flow vector and the electrode axis, the
so-called end effect parameter30 TL = (L/A^XV&Tywt /w«)
should be >50. For our plasma conditions, this parameter is
conservatively estimated at TL > 250. In addition, the electrodes
ideally should be long enough that the Bohm sheath ion cur-
rent collected along the cylinder length Ib is much larger than
the current collected at the probe end caused by the convection
of charged particles into the probe tip /,. A first-order analysis
of the ratio Ibllt for the conditions at the exit-plane shows Ibl
It > 30, so that the error introduced to the collected ion current
by neglecting the probe tip current is —3%.

The radius rp of the tungsten electrodes (Fig. 2) was chosen
as a compromise between the thin sheath requirement (rpIXD
» 1) and the condition of free molecular flow over the probe
electrodes (Amfp/rp » 1). For the seven-species plasma ex-
pected at the exit-plane (H2, N2, H, N, H+, N+, and e), all
relevant collision mean free paths were calculated. Other N-
H molecular species, for example, NH and NH3, exist in mole
fractions less than —10~5 and are neglected.31 The following
assumptions are made in calculating mean free paths: Te =
7000 K,Tg = 2500 K, ne = 4 X 1012 cnT3, and nneutral = 3 X
1015 cm~3 with 10% dissociation at the thruster exit. The fol-
lowing mean free path ratios were calculated: \n-nlrp - 20,
\i-a/rp = 5, V,/rP = 30, Af-e/rp = 20, \e.nlrp = 20, and \e.J
rp = 30. Clearly, the probe electrodes are operating in the col-
lisionless regime. Additionally, Amfp/AD > 200 for all collisions,
with an overwhelming majority of the collisions having Amfp/
AD > 1000, indicating that the collisionless sheath assumption
is appropriate.

Quadruple-Probe Response to a Uniform Plasma
Quadruple-probe analysis for a uniform plasma assumes the

following:
1) The ion sheath surrounding the tungsten wires is thin

compared to the wire radius (rp » \D).
2) Each probe electrode wire and sheath are collisionless

(Amfp » rp » AD).
3) The electron energy distribution is Maxwellian.
4) Velocity slip between plasma species is negligible.
5) Gradients over the probe geometry are negligible.
6) A wake region of low ion and electron density exists

downstream of the perpendicular electrode P4. The thin sheath
assumption directly implies that the ion saturation current is
independent of the electrode bias potential.
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Derivation of quadruple probe response is similar to that for
the triple probe and has been presented elsewhere.24'28 In pre-
vious work27'28 we presented some of the revisions necessary
to allow the application of triple- and quadruple-probe theory
to multicomponent (N2-H2) plasmas. In the present study, the
probe is applied to a simulated hydrazine plume, with multiple
species of ions present, whereas most of the previous appli-
cations of triple and quadruple probes have been for plasmas
with one dominant species of positive ion. Single langmuir
probes have been used in N2-H2 plasmas,7'10 but their use is
not contingent on knowledge of the species mole fractions.

In the present study, we present an important modification
of the quadruple probe theory. Rather than utilizing an analytic
expression for 74, the current collected at electrode P4, 74 is
related to the current collected at P3 through the ratio of the
measured quantities 73 and 74. The significance of this modifi-
cation is that it completely removes errors in Te and ne mea-
surements caused by assumptions regarding the effective cur-
rent collection area of P4. For a quadruple probe with electrode
geometric surface areas Al = A2 = A3, and electrode biasing
such that Vd3 = Vd4, the following expression can be derived
in a manner similar to that used in previous studies24'28:

1 = 1 + - 2 exp[<K^3 -
(74/73){exp[<K^3 - - 1} (1)

Since Vd3 is prescribed and Vd2 and (74/73) are determined ex-
perimentally, Eq. (1) determines Te = e/k<f> through iteration.

The ion saturation current density jt is related to measured
quantities by

74/73) (2)

Normally, Eq. (2) is used to determine ne from 73 and Vd2 by
relating /- to the electron density through a Bohm sheath anal-
ysis. For a plasma with only one species of positive ion, the
Bohm analysis gives13

jt = ene(kTe/mt)1/2 exp(-y) (3)

For a plasma with multiple ion species, Eq. (3) must be mod-
ified. Assuming that each collected positive ion is accelerated
through the Bohm sheath in a collisionless manner and col-
lected by the probe, jt becomes

( v /-no. species p ~i^-0 {§[<«=]} <4>
Assuming equilibrium dissociation of 2H2 + N2 in the arcjet
constrictor with each species concentration frozen downstream
of the constrictor to the exit-plane, numerical equilibrium
codes predict H+ and N+ as the dominant positive ions present
at measurable levels.31 The Bohm ion saturation current is then

J, = exp

For ne = nH+ + WN+, Eqs. (2) and (5) yield

_ K(73/A3)[1 + (74/73)]exp(j-)(mH+)1/

He e(kTe)1/2[exp(<t>Vd2) - 1]

(5)

(6)

In Eq. (6), K represents the effect of multiple-ion species on
the probe response to electron density:

(nN+/nH+)
(7)

where ./i, = (mH+/mN+)m. For a plume containing only H+,
#N+ = 0.0 and K reduces to unity, such that Eq. (6) reduces to
single component (H+) form.

Experimental observations32'33 show that low nitrogen ion
densities are found near the exit-plane in ammonia and hydra-
zine arcjets. It is suggested that this is consistent with a plasma
dominated by charge exchange collisions in the expanding
nitrogen-hydrogen propellant, and with the preferential dis-
sociation of H2 (sd = 4.48 eV) over N2 (sd = 9.61 eV). The
arcjet exit-plane plasma is highly dissociated and partially ionized,
with Te > Tg, and the estimated range of gas temperature is Tg
< 6000 K. Dissociation and ionization by electron collisions are
negligible, because of low electron density and temperature, and
atomic nitrogen rapidly undergoes charge-exchange collisions
with hydrogen, the cross section for which is on the same order
of magnitude as N-H momentum transfer collisions. Neglecting
radial species diffusion and convective effects, charge exchange
gives H + N+ «-* H+ + N, and the two charge exchange re-
actions balance in steady state. Writing these volumetric colli-
sion rates in the form nQy, with relative thermal speeds VH)N ^
VH, and cross sections QH-N+ *** QN-H+ gives

which directly implies a low nitrogen ion density in the exit-
plane. This result is supported by equilibrium calculations for T
< 7500 K at 1 atm.31 Tlius, the relative nitrogen ion density is
effectively determined by dissociation through Tg and not le. For
Tg < 6000 K, nN+/nH+ < 0.1 and K < 1.07, indicating a —7%
increase in ne caused by the presence of nitrogen ion probe current.

Ion Speed Ratio Measurements
The use of crossed electrostatic probes for measuring the ion

speed ratio and the implementation of the crossed probe tech-
nique into the quadruple probe have been presented
elsewhere.20'28 For a cylindrical electrode oriented at an angle
9 relative to the plasma flow, the collected ion current is a func-
tion of the quantity (w,/cm)sin 9, where cm = (2kTi/ml)l/2. For the
case of two equally biased electrodes, with one probe aligned
with the flow vector and the other one normal to it, the single-
species collected ion current ratio for the thin sheath case is22

h
h

2A4 exp m
n\

(9)

To apply the crossed-probe technique to the multicomponent
(H2-N2) plasmas of interest here, significant revisions must be
made to Eq. (9). Previously, a single-component form of the
Maxwellian velocity distribution was assumed for the elec-
trode ion collection expression.20 For the present study, this
expression has been rederived using a two-component form of
the Maxwellian velocity distribution. The derivation is similar
to the single-component case, and results in a contribution to
the ratio 74/73 from each of the collected ion species. For the
two species of ions assumed present, the ion composition is
defined by nH+/ne = f and nN+/ne • = (1 — /). The resulting
expression for the measured current ratio is

X (10)
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Fig. 3 Velocity ratio Ui\cm&+ vs 74/73 for 0.0 </< 1.0, where/*
n^lne. For this study,/ ~ 0.9, corresponding to ic = 1.07.

where the constant C is given by

2A4C = (11)

In Eq. (10), the first term in the braces { } is the H+ contri-
bution, and the second term is the N+ contribution, where
cm,N+ = V*cm,H+ has been introduced. Note that each of the terms
is weighted by the relative density of its corresponding ion
[/,(!-/)]-

Because a wake is formed behind P4, only a portion
(XH+, *N+) of the electrode area A4 collects ions. Because the
extent of the wake effect is determined by the relative mag-
nitudes of the directed ion velocity w, and thermal speed of the
ions, XH+ and JCN+ are not necessarily equal. For Tg = Tt = 2500
K and a directed velocity w, ~ 6500 m/s, ujc^^ ~ 1 and
w//cm,N+ ~ 4.

Several references discuss the wake effect for high-speed
flows.21'24 It has been postulated and experimentally verified
for an argon plasma at w//cm ~ 1, that the wake effect causes
the effective collection area to be half of the geometric elec-
trode area.22 Since Ui/cmM+ is expected to be ~1, xn+ is assumed
to be y, so that only the front half of P4 collects ions. For the
nitrogen ions, the wake effect reduction in collection area is
more pronounced. Since the directed velocity ut is several
times cm>N+, N+ is collected by the projected area24'25 of P4,
such that JCN+ = I/TT.

Given an estimate of the plasma composition /, Eq. (10)
becomes an expression for M//C/MIH+ vs the measured current
ratio 74//3. Equation (10) is plotted in Fig. 3 for 0 < / < 1,
XH+ = 1/2 and *N+ = I/TT. Pure H+ collection is represented by
/= 1.0, 2H+ + N+ collection by/= 0.67, and pure N+ col-
lection by /= 0.0.

We note that, given an independent measure of the directed
plasma velocity uh Fig. 3 can be used to determine cmyU+
[=(2kTi/mH+)l/2] and, hence, estimate the gas temperature Tg

Quadruple-Probe Response to Plasma Gradients
The quadruple-probe response is expected to be influenced

by radial plasma gradients over the probe width and by axial
plasma gradients along the probe length. The nature of the
experimental apparatus did not permit probe sweeps in the
axial direction. The results of successive radial probe sweeps
at different axial locations given later indicate a small axial ne
gradient, which the axial probe electrodes average over their
length.

As a foundation for fully understanding the quadruple probe
response to plasma gradients, an initial investigation of the
physical symmetry of the near-field arcjet plume was per-
formed. A classical single langmuir probe (P3 in Fig. 2) was
used to measure the current collected during several radial
sweeps across the thruster exit-plane. During these sweeps, the
electrode tip was located 1.0 mm from the thruster exit and

biased from —8.0 (ion collection) to 6.0 V (electron collec-
tion), relative to facility ground. The smoothed single-probe
surveys, demonstrating the symmetric nature of the arcjet near-
field plume, are summarized in Fig. 4. For a given radius, these
data constitute a langmuir probe V-I characteristic. At r = 0.0
mm, this V-I characteristic yields Te ~ 0.6 eV. The uncer-
tainty in Te is ±15%, created by uncertainties in theory and
data reduction, and to a lesser extent by uncertainties in mea-
sured quantities.

The results of a typical quadruple-probe radial sweep are
shown in Fig. 5. Like the single-probe data presented earlier
(Fig. 4), quadruple-probe measurements at the thruster exit-
plane reveal a symmetric profile for the measured electrode
current 73. However, the measured potential difference Vd2 is
not symmetric with radius as a result of the steep radial gra-
dient in ne off-axis and, to a lesser extent, the radial gradient
in Te. These gradients, which are perpendicular to the quad-
ruple-probe electrodes and the arcjet thrust axis, cause the local
values of Te and ne to differ from electrode PI to electrode P2.

In the presence of radial plasma gradients, the individual
electrode current equations25'26 must be written in terms of the
plasma parameters (Te, ne) at each electrode. Noting that (f>Vd3
» 1, these equations can be solved explicitly for Vd2 and 73
in terms of the radial profiles of Te and ne:

e3, nel9 ne^ /

Vd2 = V2-Vl

73 = 73(7;3, ne3, K)

3, K)

(12)

(13)

(14)

(15)

where the subscripts on the parameters Te and ne in Eqs. (12—
15) denote the local value of those parameters at each of the
electrodes (1-3) of the quadruple probe. The ratio 74//3 is a

U
9i

-0.2
0 2

Radius, mm

Fig. 4 Single-probe measurements demonstrating arcjet plume
symmetry. Curve labels represent electrode bias voltages relative
to ground. Cross plots at constant radii yield single-probe V-I
characteristics.
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measured quantity, and K is a function of the plasma compo-
sition discussed earlier. The current 73 [Eq. (15)] displays no
Tel and nel dependence because electrode 3 collects ion satu-
ration current, which is determined primarily by the local con-
ditions at electrode 3. For axisymmetric plumes, the centerline
experimental data are at zero-gradient conditions (Fig. 4) and
can be used with Eqs. (1) and (6) to determine the centerline
values of TV and ne.

Using the functional dependencies demonstrated in Eqs.
(12-14), Fig. 6 displays the predicted quadruple-probe re-
sponse Vd2 vs radial position for the probe of Fig. 2, for both
constant (standard deviation cr = 1000) and Gaussian (cr = 2.5
or 5) ne and Te profiles. For Gaussian ne and constant Te, Vd2
increases monotonically across the thruster. For a Gaussian Te
distribution broader than ne, the Vd2 profile shows more asym-
metry.

As an illustration for the case of constant Te, Eqs. (12-14)
can be solved analytically for Vd2, giving

Vd2 = (kTJe)tn{[\ (16)

In this equation the effect of the density gradient can be clearly
seen. As the moving probe starts outside the plume and enters
it, ne3/nei < 1. At the axis nel = ne3, and as the probe leaves
the plume, ne3/nel > 1. The result [Eq. (16)] is a monotonically
increasing Vd2 across the thruster face.

Given arbitrary profiles of Te(r) and ne(r), Eqs. (14) and (15)
predict Vd2(r) and 73(r). The inverse problem, of extracting ne
and Te profiles from the measured Vd2 and 73, can also be
solved. Since Vd2 [Eq. (14)] is a strong function of Te, and 73
[Eq. (15)] is a strong function of ne, there is sufficient un-
coupling that an iterative routine can be used to find the unique
Te(r) and ne(r) profiles that reproduce the measured Vd2 and 73
profiles. Starting with centerline values and assumed Gaussian
profiles, the routine marches the probe position across the
thruster face, while generating a new Te profile. This updated
profile is used with Eq. (15) to update ne(r\ and the process
is repeated until both profiles converge. Typically, five numer-
ical iterations are required to reach convergence.

Gradients in Plasma Potential
Asymmetry in the measured Vd2 signal is caused not only

by radial gradients in Te and ne, but also by a radial gradient
in Vp, since the individual electrode potentials (Vi_4) are de-
fined relative to the plasma potential. A nonzero plasma po-
tential gradient results in a different Vp at electrodes 1 and 2,
which affects the Vd2 measurement, but not that of 73 and 74,
which draw saturation current. The potential difference Vd2 is
related to the measured potential difference (V2-Vi)m through
the local plasma potentials at electrodes 1 and 2 (Vpl and Vp2)
by27

so that the measured quantity (V2-V!)m must be corrected by
Vp2-Vpl to determine the electron temperature. Floating probe
measurements discussed next show that this correction term is
small within a few millimeters of the centerline.

Experimental Facilities
Electrostatic probe experiments were carried out at the exit-

plane of a 1-kW arcjet thruster34 operating at a flow rate of 50
mg/s of 2H2 + N2 to simulate fully decomposed hydrazine
propellant. The 2% thoriated tungsten nozzle is conical with a
20-deg half-angle, an exit diameter of 9.5 mm, and an area
ratio of 225. Each component of the propellant was individu-
ally metered by unit instruments mass flow controllers and
mixed in the propellant line. During steady-state operation, the
thruster operated at 10.0 A and 112 V (Plm = 22.4 MJ/kg).
Arc current was measured with a Hall effect current transducer.
The thruster exhausted into a 1-m-diam X 1.5-m-long vacuum
tank26'27 at —25 Pa during arcjet operation. Anode temperatures
were monitored with an optical pyrometer, reaching —1200 K
during steady-state operation.

The electrostatic probes in the present study were accurately
positioned and repeatably swept through the thruster plume
with the probe mount system shown in Fig. 7. The complete
assembly was fastened to a step motor (Fig. 7) mounted on a
linear translation carriage.26'27 The motor and probe assembly
carriage is capable of ±5 cm linear translation perpendicular
to the arcjet axis, allowing the probes to be manually swept
through the plume at —20 cm/s. Carriage and probe position
were determined to 0.25 mm by a precision 10-kfl linear po-
tentiometer coupled to the carriage manual drive shaft, and
calibrated against the outer diameter of the anode. The probe
support arm is coupled directly to the motor shaft with the
probe tip on the shaft axis, allowing probe angle to be varied
(in 0.9-deg increments) without changing the probe tip loca-
tion.

Probe elevation was repeatably located to within 0.5 mm by
aligning the probe center with a line etched on the arcjet anode.
The separation between the probe tips and the thruster exit-
plane was reliably set to within 0.1 mm with a spark gap
gauge. The arcjet mount deflection toward the probe is —0.7
mm during evacuation of the vacuum tank. Any error associ-
ated with the arcjet exit-plane position because of this deflec-
tion is systematic and does not affect the relative spacing of
subsequent axial measurement positions.

It has been shown14 that probe contamination can have a
marked effect on Te measurements through drastic changes in
the measured quantity Vd2. In the present study, the probe elec-
trodes were cleaned thoroughly before each data acquisition
session using ion bombardment cleaning14 at 200 V below fa-
cility ground. Cleaning was performed in the arcjet plasma
stream so that the electrodes would glow brightly during the
process. Quadruple probe sweeps acquired before cleaning
consistently yielded electron temperatures that were approxi-
mately double the postcleaning values. No electrode contam-

Ceramic TC
Plugs

NASA 1 kW Arcjet
I

Vd2 = (V2 ~ - (VP2 - vpl) (17)

Fig. 7 Schematic diagram of quadruple-probe mount. The probe
is translated horizontally perpendicular to the arcjet axis. The
probe electrode axes are parallel to the thruster axis in this study.
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ination effects were observed during each individual data ac-
quisition session.

Experimental Results and Analysis
Experimental results are presented in an effort to quantify

the extent of radial and axial gradients in Te and ne and their
effect on quadruple-probe response. Based on previous quad-
ruple-probe measurements,27 the arcjet reaches steady-state op-
eration after approximately 6 min, a result consistent with pre-
viously reported data.34 All of the data presented in this article
were acquired after ~10 min of continuous arcjet operation.
Additionally, current ripple (±10%) inherent in the arcjet
power processing unit has a marked influence on electrostatic
probe plume measurements.18'26'28 Here, the measured ripple in
the probe raw data has been smoothed and mean values of Te,
ne, and M//C,W,H+ are presented.

Axial Te and ne Profiles
From previous measurements, it is evident that significant

axial gradients of ne exist on axis, inside the nozzle near the
thruster exit-plane.9'35'36 If these gradients are also large at the
quadruple-probe measurement position, the probe theory must
be modified accordingly. To quantify the extent of axial gra-
dients in Te and ne over the 2.5-mm quadruple-probe electrode
length, centerline data were acquired for five probe tip loca-
tions from 1 to 5 mm from the thruster exit, yielding the axial
centerline profiles of Te and ne shown in Fig. 8. As a check to
ensure that the presence of the perpendicular electrode (P4)
does not influence the Te and ne data, independent measure-
ments were made with a triple probe at the x = 2.2-mm axial
location.

The quadruple- and triple-probe Te and ne data were consis-
tent within 5%, well within the experimental error associated
with the experiment. This is not a surprising result, since in
the limit 74//3 -» 0, Eqs. (1) and (6) reduce to the triple-probe
equations for Te and ne. Recall that single langmuir probe sur-
veys also verify the multiple-probe Te measurements, as de-
scribed earlier.

Uncertainty in the quadruple- and triple-probe Te values is
estimated as ±15%, because of uncertainty in the Vd2 mea-
surement, and to assumptions in the quadruple- and triple-
probe analyses. A ±17% uncertainty in the ratio 74//3 only
results in a ±4% sensitivity in Te in Eq. (1). Experimental
uncertainty in ne results from the determination of electrode
surface area, the current 73, uncertainty in Te, and fundamental
assumptions in the quadruple- and triple-probe theories. Be-
cause of these assumptions (e.g., the Bohm sheath model for
current collection), the uncertainty in ne measurements is
±60%.14

The electron temperature (Fig. 8) varies from 6700 to 3600
K (—0.6-0.3 eV) between 2.2 < x < 6.2 mm from the thruster
exit. These results are consistent with previous far-field plume
results of Te ~ 0.2-0.3 eV for 30 < x < 150 mm and Te ~
0.1-0.2 eV for x = 320 mm.8'9 Further, the present data seem
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to corroborate previous estimates of Te > 0.5 eV near the arcjet
exit, based on arguments that Te is on the order of the atomic
excitation temperature.36

Results for the electron density axial profile are also shown
in Fig. 8. Over the range of probe locations investigated, ne
drops by only —30%, with dne/dx slightly higher near the
thruster exit. A similar trend has been noted for hydrogen atom
density measurements in a 1-kW hydrogen arcjet.37 In that
study, a decrease in centerline H atom density of 40% was
observed between 2-6 mm from the thruster exit-plane. The
ne gradient based on the present data (dne/dx ~ —0.5 X 1012

cm~3/mm at x = 2-3 mm) is small compared with the axial
gradient indicated in the nozzle interior and at the exit-plane.
Thus, large axial variations in the ne gradient (large d2ne/dx2)
are likely to be present in the thruster near-field plume, x <
2 mm.

From Fig. 8, it is apparent that the quadruple-probe results
represent plasma conditions averaged over the axial dimension
(2.5 mm) of the probe axial electrodes. The axial gradient in
ne is sufficiently small over the electrode length so that its
effect on the quadruple-probe response is minor, and a corre-
sponding correction to the probe response is deemed unnec-
essary. However, the large ne gradients presumed to exist at
the thruster exit-plane (—2 < x < 2 mm) require extra care in
locating and reporting probe positions for both optical and in-
trusive measurement techniques.

Radial Te and ne Profiles
Data for Vd2 and 73 are shown for a radial sweep at x = 2.2

mm in Fig. 5. These data and the modified quadruple-probe
theory [Eqs. (12-15)] are used to solve for the radial profiles
Te(r) and ne(r). This analysis indicates that the Te profile is
very flat near the centerline (r < 3 mm) and nearly uniform at
Te ~ 0.6 eV. This uniform Te is used to determine the radial
ne profile as shown in Fig. 9.

Far from the centerline, uncertainty in ne increases because
of misalignment between electrode 3 and 8. A recent study has
shown that Te measurements can also be artificially increased
by electrode misalignment with the flow vector.16 It was dem-
onstrated that Te measurements in the plume of an MPD
thruster by means of a triple probe yielded Te values for a 30-
deg misalignment that were —6% higher than measurements
made with an aligned probe. Results presented in this study
are limited to regions of the plume on or near the centerline,
where the misalignment is small, so that variations caused by
this effect are a few percent.

Ion Speed Ratio
The measured currents 73 and 74 and the current ratio 74/73

are plotted in Fig. 10 for x = 2.2 mm. The measured current
ratio of 74/73 = 0.60, along with K = 1.07 (/ ~ 0.9), yields uj
cm,H+ = 1.0 ± 15% [see Eq. (10)]. The value of w//cm,H+ is
highly dependent on the plasma composition parameter/(Fig.

4.0
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2.0
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0.0

Nozzle

2 0 2
Radius, mm

Fig. 8 Axial variation of Te and ne. The ne gradient is -—0.5 x
1012 cm~3/mm at x - 2.2 mm. Experimental uncertainties in Te and
ne are ±15 and ±60%, respectively.

Fig. 9 Measured ne radial profile for the quadruple probe cen-
tered at x = 2.2 mm from the thruster exit-plane. Experimental
uncertainty in ne is ±60%.
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Fig. 11 V2f — Vif measurement with radial double-probe config-
uration. Also shown is the resulting radial £-field Er vs position
across the thruster face.

3), so that the uncertainty in the ion speed ratio is influenced
primarily by knowledge of the plasma state at the exit-plane.

Floating-Probe Measurements
A double floating-probe configuration (electrodes PI and P2

' of Fig. 2) was used to estimate Er near the thruster exit-plane.
For two floating probes in a plasma with electrode sheath po-
tentials Vsi and Vs2j and a measured floating potential differ-
ence between the two electrodes AV/ = Vf2 — Vfi9 the
difference in the plasma potential AVP between the two elec-
trodes is related to A V} by

= AV, - (V52 - Vsl) (18)

The result of a typical AV^ measurement is plotted in Fig.
11. The sign reversal of the signal for the two peaks (| AV}| «
0.2 V) at r = .5.5 mm is a consequence of electrode orientation
remaining constant during a probe sweep while the plasma
potential gradient changes sign across the plume. From Eq.
(18), AVP can be found from AV/ and the probe sheath drops.
For a single floating electrode, the sheath potential drop Vs is
derived by summing the ion and electron current into the probe
and solving for the potential that satisfies the zero net current
requirement.38 This yields an electrode sheath potential of

(19)

Since the logarithm term does not vary by more than 2% over
the electrode separation, the difference in electrode sheath po-
tentials is

VS2 - Vsl = AV, = (20)

Near the thruster centerline, the change in Te over the 1.4-mm
electrode separation [A(fcre)] is slight because of the measured
flat Te profile and the shape of the profile near the centerline.
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For a k(kTe) as large as 0.01 eV (-500 K), AV, is <0.04 V,
allowing the sheath drop to be neglected in Eq. (18). There-
fore, AV/ » Vp2 — Vpi, generated by Er at the thruster exit-
plane. The resulting plot of Er vs radial position is also shown
in Fig. 11. The field is approximately zero at the center as
expected, and is radially inward inside the plume, with a peak
of ~100 V/m near r = 2 mm. The field apparently peaks at

200 V/m at r « 5 mm, but this is likely a consequence of
large gradients in Te and ne at the plume edge, voiding the
assumption of small AV,. For r < 4 mm, AV^ < 0.1 V, and this
correction to Vd2 [see Eqs. (17) and (18)] has been ignored.

The floating-probe measurements of Er are evidence for the
existence of current density and ohmic heating in the near-
field plume. From the measured ne, the estimated ionization
fraction on the centerline is a ^ 10~4, giving a plasma elec-
trical conductivity of or « 100 fl/m. In the exit-plane (at r =
2 mm) Er ~ 100 V/m, which is equivalent to^V = aEr ~ 1 A/
cm2. If this current is flowing across an area of approximately
0.2 cm2, the total current crossing the exit-plane amounts to
—0.2 A, or 2% of the total current supplied to the arcjet. Fur-
thermore, this current represents a small amount of ohmic heat-
ing (j2/<r ~ 1 W/cm3) in the exit-plane region.

The indication of current in the near-field plume is consis-
tent with the boundary condition that j must be perpendicular
to the anode wall at a 20-deg angle to the centerline, forcing
a current component perpendicular to the exit-plane in the
plume. These measurements carry implications for down-
stream boundary conditions for arcjet numerical models.

Summary and Conclusions
The use of millimeter-size, thin-sheath electrostatic probes

in the exit-plane region of a low-power arcjet provides a low-
cost and robust means for measuring plasma parameters. In
small arcjet devices, it is necessary to account for the effect
of radial and axial gradients on probe output, allowing single-,
triple-, and quadruple-electrostatic probes to be employed for
measurements of TV, ne, and wf/cm,H+. A technique has been
presented for analyzing probe data in the presence of these
gradients, resulting in symmetric Te and ne radial profiles. Us-
ing a double floating-probe mode, Er can also be measured
accurately near the centerline in the near-field plume.

Single-probe radial surveys have displayed the symmetrical
nature of the arcjet plume and independently serve to verify
Te measurements made with triple and quadruple probes. An
improved quadruple-probe theory, showing excellent agree-
ment with independent triple-probe surveys, provides radial
and centerline axial profiles of Te and ne near the exit-plane.
While the axial gradient in ne is small over 2.2 < x < 6.2 mm,
comparison with interior nozzle ne measurements indicates that
the density varies by 1-2 orders of magnitude at the exit-
plane. For x = 2.2 mm, quadruple-probe measurements yield
Te = 6600 K ± 15%, ne = 3.6 X 1012 cm~3 ± 60%, and uj
cm,H+ = 1.0 ± 15%. Floating-electrode measurements indicate
that approximately 2% of the thruster current extends down-
stream of the thruster exit-plane.
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