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Triple Langmuir Probe Measurements in the Plume
of a Pulsed Plasma Thruster

Robert Eckman,* Lawrence Byme,T and Nikolaos A. Gatsonis*
Worcester Polytechnic Institute, Worcester, Massachusetts 01609

and

Eric J. Pencil®
NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135

An experimental apparatususing triple langmuir probes was designed to obtain electron temperature and density
in the plume of a laboratory-model pulsed plasma thruster (PPT) operating at discharge energy levels of 5, 20, and
40 J. Electron temperature and density were obtained on two planes parallel and perpendicular to the thruster
electrodes passing through the thruster’s centerline. Measurements were obtained for radial distances of 6, 10, 12,
14,16,18,and 20 cm and for polar angles 0f 10,20, 30, and 45 deg with respect to the center of the Teflon® propellant
face. Plume properties show large angular variation on the perpendicular to the electrodes plane but small variation
on the parallel plane confirming the asymmetry of the PPT plume. Electron density and temperature decrease
with increasing radial distance from the Teflon surface. The average maximum temperature is between 2 and 4 eV
for all discharge energy levels considered. The average maximum electron density is 1.6 x 10%°, 1.6 x 10?!, and
1.8 x 10?! m~3 for the 5-, 20-, and 40-J discharge. The time-average electron density increases with increasing
discharge energy and is in the range between 10" and 2 x 10’ m~3 for 5 J, 3 x 10'® and 10! m~3 for 20 J, and

5 x 10" and 1.4 x 102! m~3 for 40 J.

Nomenclature
A, = areaof proben=1,2,3
dy = probe sheath thickness
e = electron charge
J; = ion current density
Jio = random ion thermal current density
Kny, = Knudsen number for s-# collisions
k = Boltzmann constant
L, = probe length
M = mass of ion (electron)
N> (r, 0) = average maximum electron density
(N,)(r,0) = time-average electron density
n.(r,0,t;i) = electrondensity of the ith sample
n'*(r, 0) = maximum electron density during a pulse

radial distance downstream from the center of
Teflon® surface
r, = probe radius

r =

s = probe spacing

T,(r,0,t;i) = electrontemperature of the ith sample

T (r,6) = maximum electron temperature

T)(r,0) = average maximum temperature

(T,)(r,0) = time-average temperature

T; = ion temperature

t = time

U; = ion speed

Vin = voltagedifference between probes 1 andn =2, 3
Vy = floating potential
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Z; = number charge of ion i

B = parameter that characterizes variation of ion
current with probe potential

&0 = permittivity of free space

n = nondimensional B

0 = polar angle measured from the center of the
Teflon® surface

Ap = Debye length

At = mean free path for collisions between species s
and ¢

7L = end-effect parameter

X = nondimensional potential at a probe

Introduction

PULSED plasma thruster (PPT) is a type of electromagnetic
propulsion system that ablates, ionizes, and then accelerates a
solid Teflon® propellant to generate thrust. This type of thruster has
been investigated since the 1960s and has been flown successfully
several times in the past."'> Interest, and consequently research, in
PPTs has been renewed in the past half decade due to their spe-
cific impulses in excess of 1000 s, low-power requirements, simple
propellant management, and the success of initial flight tests ?
Successful integration of PPTs on spacecraft requires the com-
prehensiveevaluationof possibleplume/spacecraftinteractions.The
PPT plume consists of neutrals and ions from the decomposition of
the Teflon propellantand material from electrode erosion, as well as
electromagneticfields and opticalemissions. The overall goal of this
research programis to develop a predictive ability of the PPT plume
environment and to assess potential plume/spacecraft interactions.
To accomplish these goals, the program involves plume modeling*3
and experimental investigations carried out at the NASA John H.
Glenn Research Center at Lewis Field (GRC) facilities 8 Our stud-
ies initiated with the Lincoln Experimental Satellite (LES) 8/9 PPT
and included contamination assessment using quartz crystals, mea-
surements of ion current density using planar langmuir probes, and
determination of ion velocity using single langmuir probes.’ It was
found that measurable changes in transmittance of the quartz sam-
ples were confined to 30 deg. The centerline ion velocity was esti-
mated at 40 km/s and the ion density at 6 x 10'® m™ at a distance of



ECKMAN ET AL. 763

24 cm from the thruster. Subsequent investigations of the LES 8/9
plume using time-of-flight analysis of single langmuir probe data
found two ion populations, traveling at velocities of approximately
30 and 60 km/s, respectively.” The composition of the PPT plume
was qualitatively studied using a residual gas analyzer, identifying
C, F, C,Fy, and various thruster materials, similar to results obtained
by otherinvestigators’~!" Additionally, fast ionization gauges were
used and detected the presence of slow neutral particles up to 1 ms
after the discharge had ended, indicating an inefficient use of the
propellant”

In this investigation triple Langmuir probes are used to simulta-
neously measure electron temperatures and electron densitiesin the
plume of a laboratory-model PPT. Previous plume investigationsof
plasma density and temperature have used interferometers and sin-
¢gle and double langmuir probes.'>~ !> Triple langmuir probes offer
many advantages over these methods, allowing simultaneous mea-
surementof electron temperatureand density.'®!” Unlike single and
double langmuir probes, the triple langmuir probe does not require
avoltage sweep, a task which is difficult in the PPT due to the short-
pulseduration. Additionally,triple probesare relativelyeasy to setup
and operate, not requiring the extensive optics of an interferometer.
Triple probes have been used successfully in the steady plumes of
magnetoplasmadynamic (MPD) thrusters'®!® and arcjets.2

This paper details the application of triple probes in the unsteady
(15-pus pulse duration) plume of a rectangular-geometry PPT and
expands our preliminary analysis® Probes were attached to a trans-
lation table that allowed data collection in the plume on two planes
perpendicular and parallel to thruster electrodes passing through
the thruster’s centerline. Measurements were obtained for radial
distances of 6, 10, 12, 14, 16, 18, and 20 cm and for polar angles
of 10, 20, 30, and 45 deg with respect to the center of the Teflon®
propellantface. The thruster was operated at dischargeenergy levels
of 5, 20, and 40 J. Compared to previous PPT investigations, >~ '3
the thruster design used in this work is similar to the one carried on
the EO-1 spacecraft, and the energy levels address several planned
PPT applications.? In this paper the probe construction, grounding
scheme, and cleaning procedure are discussed. The data reduction
methodology,error analysis, and temperature and density traces are
presented and discussed. The spatial variation of the maximum and
time-average temperature and density is presented, and the effects
of the PPT discharge energy on temperature and density levels are
discussed.

Experimental Apparatus
Thruster and Facility

A laboratory-model PPT with a rectangular geometry was used
in this study. The PPT is similar to the one flown on the EO-1 space-
craft and was designed at NASA GRC for component life tests and
plume characterization. The thruster has 2.5-cm-square electrodes
as shown in Fig. 1 and is almost identicalin size and performanceto
the LES 8/9 model with operationalcharacteristicsshownin Table 1.
Experiments were conductedin a 0.5-m-diam, 1-m-tall bell jar un-
der base pressuresbetween 1 x 107> and 5 x 107 torr. The thruster
was placed at the bottom of the facility, firing upward, with the
probes mounted on a vertical translation table that was computer-
controlled outside of the tank. This arrangementis shown in Fig. 2.
For off-centerline measurements, the thruster was rotated through
the appropriate angle, with the probe aligned geometrically with the
center of the Teflon face.

Diagnostics and Procedures

The theory of operation of a triple langmuir probe was first out-
lined by Chen and Sekiguchiin 1965.! A symmetric triple langmuir
probe, similar to the ones used in our experiments, consists of three
identicalprobesplacedin the plasma. One of the probes, indicatedas
probe 2 in Fig. 3a, is allowed to float in the plasma, and a fixed volt-
age V3 is applied between the positive and negative with respectto
the floating potential probes. The resulting voltage difference V,, (¢)
and collected current /3(¢) allow the evaluation of 7,(¢) and n,(t)
(Refs. 16 and 17) basedon a theory thatis summarized subsequently.

Table1 Operational characteristics
of the laboratory-model PPT

Discharge  Impulse = Mass loss/pulse,  Specific
energy, J bit, uN s ng/pulse impulse, s
53 36 — —
20.5 256 26.6 982
44.0 684 51.3 1360
|
h A
5
Teflon ®
Flectrodes
25cm
1.3cm
|

Fig. 1 Schematic of the laboratory-model PPT used in the experi-
ments.
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Fig. 2 Experimental apparatus.

For every temporal measurement of V() and current /3(¢), an
initial value of 7,(¢) is obtained from the solution of the implicit
equation

l I —exp(—xa2)

= 1
2 1 —exp(—xa3) M

where xa2 = x2 — X1, Xa3= X3 — X1, and x, =e|V, — V,|/(kT,) is
the nondimensional potential at probe n =1, 2, 3 measured with
respect to the plasma (or space) potential V,,. This implicit equation
is formulated using the thin-sheath current collection model. The
electron density is then obtained from

n o= e%3(13/A3) 2)
¢ e(kT,/m)*5{1 — expl—(xas — xa21}

With these initial estimates, corrected values for temperature and
density can be obtained using improved ion current-collectionmod-

els. Chen and Sekiguchi'® and Chen!” introduced such a model
through the equation

J2V) =TVl + BV = V)] 3)
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where § indicates the variation of ion current as a function of probe
potential. This constant can be also written in terms of a nondimen-
sional parameter

kT, dJ?(X)> 1
= — = N A 4
! ﬁ( € ) ( dx fJ,-z(Xf) @

To derive 5, we use the approach by Tilley et al.'"® They combined
Eq. (3) with Peterson and Talbot’s*' ion current-collectionmodel

Ji(x) = Jio(B +a)* ®)

The parameters « and B are obtained from curve-fits to the Lafram-
boise current-collectionmodel

29 T 0.75
= 1007 =—=] -034 6
T NG, ) 23 +OO7<Z,-T£,> ©

B =15+ (T,/Z,T,{0.85 + 0.135[ta(r, /A0)F}) (D)
The Debye length is

Ap =/ &kT,/e*n, 8)

From Eqs. (3) and (5), n can be evaluated as

n=2a/(B+xy) )
The floating potential x ; can be derived from the solution of
(m;/me) exp(=2xs) = [B + x ;1 (10)
"
* * . - V
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Fig. 3a Triplelangmuir probe schematic with potentials at each probe.

The improved implicit equation for the electron temperature is

1 _ 1 —0.5[1 = BVl +[1+ B(Vis — V)™ exp(—xa2)
2 1 — exp(—xa3)

(11
Calculation of the density follows through

_ exp(0.5)(13/A3)[1 — n(x, — 0.5)]°7
e(kT,/m)OS{[1 + n(xa3 — xa2)1°° — exp[—(xa3 — xa2)1}
(12)

Alternative formulations of triple-probe theory based on improved
ion-collectionmodels have been applied to both MPD'®!° and arcjet
thruster’® plumes with good results.

The electronics diagram in this experiment is shown in Fig. 3b.
The applied V,; was supplied by three 9-V batteries in series. In
our experiments, the value of V,;; was measured after each set of 40
measurements for each angularand 8 radial positionsand was found
to reduce from 27 V to about 24 V. The V,;; was found to reduce
by no more than 0.01 V at the end of a set of five measurements at
a specific angular and radial position. The V,; was also measured
duringthe pulseand foundtoreach occasionallya minimum of about
18 V during the peak current of the 40-J discharge. These variations
of the applied V,;; were accounted for in our data analysis, and
it was found that did not affect the evaluation of temperature and
density.

Floating voltage probes were attached to probes 1 and 2, and the
voltage V;»(t) was found by subtracting the signals digitally on a
Lecroy 9314M quad 300-MHz oscilloscope. This method proved to
be less susceptible to noise than the use of differential operational
amplifiers in previousinvestigations® A Hall-effect current probe
was used to measure /5(¢), and this output was also recorded on the
oscilloscope.The probe wires were made of 0.25 x 107> m diameter
tungsten wire with exposed length of 9 X 10™* m to minimize end
effects, and the average probe spacing was approximately 10~ m.

Implementationof the triple probe in the PPT plume requirescare-
ful consideration of plasma and probe parameters that enter in the
evaluation of 7,(¢) and n,(t) (Refs. 16-18.) Estimates are obtained
assuming that the PPT plume is composed of single-ionizedC" and
F' ions with mole fraction [C*]/[F"]=0.5, T, in the range of 2~
5eV,andn, in therange of 10'°-10?! m™3. From Table 2 it is evident
that the plume plasma is dense (r, > Ap) and that the probes oper-
ate for the most part in the collisionlessregime (Kn,, = A, /r, > 1)
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Fig. 3b Electronic circuitry used in the experiments.
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Table 2 Parameters related to a triple probe with
7, =0.125 X 10~ 3 m, and s =10~ * m operating in a PPT plume?

Triple probe parameters

Plasma conditions rp/Ap s/dg Kn;; Kn,;
ne=10"m™3, T, =2eV 37.6 17.8 48 75.9
ne=10"m™3, T, =5eV 23.7 16.9 4.8 415.2
ne=102"m=3, T, =2eV 118 42.3 0.58 8.64
ne=102"m=3, T, =5eV 752 40.0 0.58 46.
ne=102'm™3, T, =2eV 376.1 100.2 0.08 1.

n, =102 m=3, T, =5¢eV 237.8 94.4 0.08 52

*Mole fraction of [CT}/[FT] = 0.5 and T+ = T+ =0.5 eV.
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Fig. 4 Triple-probe measurement locations parallel and perpendicu-
lar to the electrodes plane passing through the thruster centerline; radial
and angular positions are referenced with respect to the center of the
Teflon surface.

with little interference due to sheath interactions(s 3> d,; > A, ). The
errors and uncertainty associated with the parameters described in
Table 2 as well as other factors are discussed in the error-analysis
section that follows.

For each discharge energy level of 5, 20, and 40 J, measure-
ments were taken at eight downstream locations, ranging from 6
to 20 cm from the Teflon surface in 2-cm increments. These mea-
surements were taken at polar angles of 10, 20, and 30 deg on two
planes perpendicularand parallel to the electrodes passing through
the thruster’s centerline. Additionally, measurements were taken
at 45 deg off centerline on the plane perpendicularto the thruster
electrodes. These locations are shown in Fig. 4. Five pulses were
recordedat each spatial location, resultingin a total of 930 data sam-
ples. Each sample lasted for 100 us and included 10,000 voltage and
current measurements.

An important considerationin using probes in a plume is possible
adverse effects due to probe contamination.'® After approximately
30-40 pulses, the voltage V,,(#) was found to develop an offset
while the probes were covered by a dark deposit. To eliminate this
phenomenon, a glow discharge method was implemented where
argon gas was fed to the probe-head and an arc was maintained for

approximately 10 s between the probe tips and a nearby electrode.
It was found that approximately 30-40 pulses could be recorded
between each glow discharge cleaning.

Data Reduction and Error Analysis

A typical set of voltage and current trace output from the triple
langmuirprobesis shownin Fig. 5. Because of the triggeringcircuit,
all pulses begin at 40 pus. Of particular interest in these measure-
ments is the presence of noise. The first source of noise is due to the
electromagnetic burst emitted at the start of the pulse as the spark
plug initiates the discharge 2* The second source of noise (indicated
in Fig. 5) is due to insufficient oscilloscoperesolution of the voltage
measurements.

The Loess (locally weighted regression) algorithm is applied to
the voltage and current traces, to reduce the noise using a statistical
package S-Plus.?® Loess fits a function about a certain data point
using a specified number of neighbors around it. The calculation
of the least-squares fit assigns more weight to the points closer to
the data point of interest and the implementation of this method in
S-Plus allows local residuals to be evaluated. The Loess span is set
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Fig. 5a Voltage and current traces obtained from the triple probe
showing various sources of noise.
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to 0.2, meaning that 20% of the datais consideredfor each data point
and a second-degree polynomial is generated for each local fit. A
typical result is shown in Fig. 5. Using the smoothed voltage and
currentdata are used, electron temperature and density are obtained
using the model equations (1-12).

Error Analysis

The uncertainly in measurements of electron temperature us-
ing a triple probe is associated with the nondimensional parameter
n=PBkT,/e) inEq.(3).""1® Forvaluesof 43 = e|Vy3—V,|/kT, =
5—10the uncertaintyis less than 5% and increases weakly for higher
values of x,3 (Ref. 18). In our experiment 5.6 < y,3; < 28.1, and we
can use the values of Chen,'” who showed that for 0.02 <7 <0.15
the uncertainly in electron temperature is smaller than 20%.

The uncertainty in density measurements for 17 <r,/Ap < 100
and 5< x43 — xa2 <25 is 40-60% assuming that 7;/Z;T, =1
(Ref. 18). In the PPT plume, it is expected that 7; /Z; T, <1, which
will make the uncertainty smaller than the 7; /Z; T, =1 case. Note
that the Petersen/Talbo?' curve fit to Laframboise’s ion current
model used for our data analysis is optimal for 5=<r,/Ap <100,
but higher ratios will still provide a very good estimate.'”'® For
rp/Ap = 100, the parameter 7 is approximately 0.02, and the uncer-
tainty becomes smaller.!”:!8

No sheath interaction is expected in our experiment because
s/d; > 1 as shown from Table 2. Ton collisions in cases where
Kn;; <1 account for an increase in ion current of approximately
10-20% (Ref. 18). For Kn,; >200/(r,/Ap), a condition met for
most cases as values from Table 2 show, the effects of electron
collisions on the electron current may be ignored.'®

The triple probe was aligned with the polar angle measured from
the center of the Teflon surface, and this may have resulted in probe
misalignmentwith the flow vector. In factinvestigationsusinga PPT
similar to the one used in our experiment showed that the plume is
canted toward the cathodeby less than 5 deg on the plane perpendic-
ularto the electrodes * Earlier plume studiesindicate alsoa less than
10-deg asymmetry with respect to the geometric centerline of the
thrusteron the perpendicularplane.'*? These studiesconfirmed that
the plume is symmetric on the parallelto the electrodes plane.'+24726
Therefore, it is important to assess the impact on the triple-probe
output due to the flow/probe misalignment. In MPD thruster plume
studies with n, <10 m™ , T, ~ 1-5 eV, and r, /A, = 18, it was
found that the error due to misalignment was smaller than the ex-
perimental uncertainty of the triple probe and that the triple-probe
output was insensitive to probe angles of up to 30 deg with respect
to the thruster axis.'® It has also been shown'? that for r,, /A, =208
a 5-degree misalignment increases the current by almost 25%. As
our Table 2 shows, ratios r, /A > 100 occur at the center of the
PPT plume, where flow/probe misalignmentis less than 5 degrees.
Therefore, it is confidently assumed that the effects of misalignment
will not adversely affect our measurements, although experimen-
tal determinationis required to quantify the uncertainty associated
with it.

For a probe aligned with the flow, the end-effects are negligible
if the parameter r, = (L ,/Ap)(kT,/m;)!?U"" > 50 (Ref. 27). For
the plasma conditions listed in Table 2 and when using a maximum
ion speed of U; ~40 km/s, this parameter is conservatively esti-
mated to be 7, >>230. This further ensures that the ion current is
not sensitive to any small misalignments between the probe and the
flow vector.

As discussed earlier, the voltage probes and oscilloscope used
to record V, () introduced a high-frequency bit error in the tem-
perature measurements with a maximum of £0.75 eV occurring at
the peak of the pulse. The noise in the current measurements was
minimal, and the effect of the voltage noise introduced a +10%
uncertainty into the density measurements.

The spatial resolution of the probes is related to the total volume
taken by the probe tip. For our case, the probe volume is cylindrical
with a diameter of 2 x 107> m and a length of 9 x 107 m. All
spatial locationsreported are measured to the tip of the probe wires.
The probe tip was observed to vibrate during testing, due to the
backing pump attached to the oil diffusion pump. This vibration

was estimated to be approximately 1072 m in each direction, and
this distance defines the spatial accuracy of our measurements.
Therefore, for all measurements, the maximum uncertainty in
n.(r,0,t) is estimated to be 60%, the maximum uncertainty in
T,(r,0,t) is £0.75 eV, and the spatial accuracy is within 1072 m.

Data Analysis and Discussion
Electron Temperature and Density

Figure 6 shows typical electron density and electron temperature
traces for the 20-J case for r =6, 18, and 18 cm at 6, =10 deg on
the perpendicularplane. The bounding traces are plotted for each lo-
cation, showing the shot-to-shot variability, as well as the unsteady
character of the PPT plume as it passes by the triple probe. Simul-
taneous electron temperature and density for a 20-J pulse measured
atr =12 cm and 6, =10 deg are plotted in Fig. 7. From Figs. 6
and 7, it is seen that the highest electron temperature for each spa-
tial location occurs at the beginning of the pulse, while the highest
density occurs near the middle of the pulse. In some of the electron
temperature traces, as shown in Fig. 5, there is a secondary peak af-
ter the plasma passes the probe. There is no corresponding density
increase at this time, and it was concluded that this peak is due to
electrical noise or grounding problems. It should be noted that this
is notexpectedto impact the evaluated data. Because of a consistent
experimental error, centerline values are not reported for any of the
thruster discharge energy levels.
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Table 3 95% Confidence interval for Te* (ry0) and Ne* (r, @) in the plume of a 5-J PPT

767

01 =10deg 01 =20deg 01 =30deg 01 =45 deg 0 =10 deg 0 =20 deg 0 =30 deg
ryem TS N} T* N¥ Tr NS Tr N} Ty Ny T; Ny T; NS
6 0.598 9.55E4+19 0.274 1.19E420 0.234 3.25E4+19 —— e 0.391 6.45E+19 0.236 3.39E+19 0.275 S5.86E+19
8 0.585 1.09E420 0.261 7.31E+19 0.201 1.18E4+19 1.41 324E+20 0.262 1.57E+19 0307 2.67E+19 0.103 1.69E+19
10 0.948 3.27E4+19 0.313 6.02E+4+19 0.382 3.49E+419 1.43 1.96E+19 0.232 1.16E4+19 0441 2.94E+19 0.065 7.29E+18
12 0417 2.00E+19 0916 4.20E+19 0.467 9.03E+18 0.301 6.67E+18 0.315 1.48E+19 0.785 7.40E+18 0.593 S5.75E+18
14 0.22  1.36E4+19 1.03 441E+19 0436 7.01E4+18 0.566 1.20E4+19 0.403 3.96E+4+19 0.409 430E+4+18 0.651 6.00E+18
16 1.16 1.16E+19 0.355 159E+19 0.201 7.71E+18 0.548 7.38E+18 0.76 6.13E+18 0.432 9.80E+17 0.334 3.56E+18
18 0.698 8.28E+18 0.371 6.83E+18 0.617 9.71E+18 0.498 1.56E+19 0.376 6.05E+18 049 S5.58E+18 0.292 2.01E+18
20 1.27  9.18E+18 2.07 6.86E+18 0.682 4.27E+18 1.29 9.60E+18 0.57 2.38E+18 031 4.30E+18 0909 3.99E+18
Table4 95% Confidence interval for T, (r, 0) and N; (r, 0) in the plume of a 20-J PPT
01 =10 deg 01 =20 deg 01 =30 deg 01 =45 deg 0) =10 deg 0 =20 deg 0 =30deg
ryem TS N} T* N¥ Tr NS Tr Ny Ty Ny T; Ny T; NS
6 0938 3.16E+20 0.376 437E+20 0.66 2.68E+20 —- E— 0.524 2.54E4+20 1.2 347E+20 04 1.23E420
8 0.529 4.19E420 0.308 2.16E+4+20 0.451 3.25E420 0.462 133E420 0.226 1.46E420 0.412 3.68E420 0.156 1.78E+4+20
10 0454 1.65E+20 0.306 228E+20 0.542 S5.35E+19 0.223 8.50E+19 0.174 4.73E+20 0356 2.46E+20 0.393 3.04E+20
12 0.696 1.26E+20 0.258 2.01E+20 0.659 6.86E+19 0.696 9.03E+19 0.21 1.31E420 0.583 2.93E+20 0.409 1.84E420
14 0.574 2.17E420 0.392 198E+20 0.17 1.49E420 0.528 1.23E420 0.287 8.56E+4+19 0.498 6.32E4+19 0.153 1.77E+4+20
16 0.715 7.76E4+19 0.333 587E+19 0.185 4.11E4+19 0.378 941E4+19 0.203 1.65E420 0.364 6.75E4+19 0.534 1.38E+420
18 0431 1.02E420 0.125 6.13E+19 0972 7.98E4+19 0.622 149E420 0.278 1.95E420 0.252 843E4+19 0.167 S5.50E+19
20 0.524 1.25E+20 0.594 138E+20 1.17 6.49E+19 0.874 6.80E+19 0435 S5.41E+19 0.218 4.36E+19 0.7 4.73E+19
Table 5 95% Confidence interval for Te* (ry 0) and N: (r, @) in the plume of a 40-J PPT
01 =10deg 01 =20deg 01 =30deg 01 =45 deg 0 =10 deg 0 =20 deg 0 =30 deg
ryem TS N} T* N¥ Tr NS Tr N} Ty Ny T; Ny T; NS
6 0.75 4.26E4+20 1.17 S5.11E420 0.156 3.91E+420 —- — 0.324 6.97E+20 0.215 S5.09E420 0.375 4.64E+20
8 0.268 2.99E420 0.685 1.02E+4+21 0.293 1.24E420 0.884 1.60E4+20 0.223 2.05E+420 0.247 4.20E420 0.305 2.30E+420
10 0977 6.49E+20 0.921 2.70E+20 0.146 9.81E+19 0.778 9.23E+19 0.518 3.96E+20 0.412 4.89E+20 0.231 2.00E+20
12 0474 3.71E+20 0.569 8.55E+19 1.1 1.99E420 0.587 1.35E420 0.237 2.94E420 0.536 1.99E420 0.491 3.84E+420
14 0.609 2.80E+20 0.439 131E+20 0.698 1.18E+20 0.714 6.57E+19 0.279 2.04E+20 0.089 2.86E+20 0.383 1.23E+20
16 0.833 3.33E+20 0.301 1.30E+20 0.386 9.42E+19 0.707 6.68E+19 0.568 3.70E+20 0.234 2.29E+4+20 0.501 2.12E+20
18 0.714 291E420 0.548 236E+20 0.653 8.15E4+19 0.124 6.11E4+19 0.423 2.14E420 0.341 1.55E420 0.149 1.21E+4+20
20 0.702 191E+20 042 140E+20 0.157 1.30E+20 0.169 3.88E+19 0.213 5.92E+19 0.273 544E+4+20 0.406 8.74E+19
Average Maximum Electron Temperature and Density
To evaluate spatial trends in the expansion of the PPT plume, it is
6 prrTT T T convenientto concentrateour analysison maximumelectrondensity
5 E and temperature measured at each location. In the spatial analysis
4+ 3 of the data, the maximum density and temperature for a single trace
% E E is recorded at a location (r, 0). These maxima are averaged as
® 3£ 3 g
< Lk 3
£ T (r.6)= Y Tg’“"“(r,e;i)/N (13)
O_lII'='I”:””:””:””IHI- i=1N
35 40 45 50 55 60 65
._||||||||:|..||}||..||||||||||_ * _ max
: ] NI 0) =) i, 9)/N (14)
1021 -+ E N
"-’E c ] where i designatesthe sample and N =5 designates the number of
E’» 10% & 3 samplesrecordedateachlocation. The errorin nl® (r, 0; i) is £60%
3 ] and in T"™(r, 6; i) £0.75 eV, as discussed earlier. To account for
102 _;_ ; the pulse-to-pulse variation in n**(r, 6; i) and T,"*(r, 0; i), the
SENEERENEE TRNEEANENSREENERNET 95% confidence interval of these maximum values is obtained, and
35 40 45 50 55 60 65 results are shown in Tables 3-5.
] Figures 8,9, and 10 show the spatial variationof plume properties
Time (us) for a 5-, 20-, and 40-J PPT discharge, respectively. Figures 8-10

Fig. 7 Simultaneous electron temperature and density for a 20-J pulse
measured r=12 cm and 0; =10 deg showing the earlier arrival of
the maximum temperature; maximum uncertainty N,(*=60%) and
T.(£0.75 eV) is also included.

show some overall similar trends. The average maximum density
decreases with increasing distance in both the parallel and perpen-
dicular planes. The average maximum density is larger near the
exit and decreasesslightly as the plasmoid expands with an angular
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Fig. 8 Spatial variation of N} (+60%) and T, (+0.75 eV) in the plume of a 5-J PPT.
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Fig. 9 Spatial variation of N (+60%) and T, (£ 0.75 eV) in the plume of a 20-J PPT.
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Fig. 10 Spatial variation of N (£ 60%) and T, (£ 0.75 eV) in the plume of a 40-J PPT.
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variation that is also shown in Figs. 8-10. The perpendicular plane
shows considerable angular variationin both N and 7. Figure 9a
shows that for the 20-J case N decreases monotonically with in-
creasing angular position for most part of the plume. At radial dis-
tances larger than 12 cm, the values of N are within the uncer-
tainty for all angles considered. Figures 8b, 9b, and 10b show that
there is no considerable variationin N or 7* on the parallel plane.
This is direct result of the rectangular electrode configuration of
the PPT. T values are between 2 and 4.5 eV for all energy levels
considered.

Time-Average Electron Temperature and Density

The time-average electron temperature {7,) for a location (r, 9)
over the duration of the pulse is obtained as

»
(T.)(r,0) = [ Z {/ T.(r,0,t, i)dt}/Pi|/N (15)
i=1,N 0

<T> (eV)

I ] § I |
T T T T T 1

!
T
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l

| 1 ! | 1 |
T T T T T T T T T T T T T T T T

102t

1020

<N > (m-3)

101

6 8 10 12 14 16
Radial Distance (cm)

a) Perpendicular plane

18 20

where N =5. Similarly, the time-average electron density is given

by
,
(N, 0) = [ > {/ N(,(r,e,t;i)dt}/Pi|/N (16)
i=1,N 0

Figures 11, 12, and 13 show the time-average plume properties
for a 5-, 20-, and 40-J PPT discharge, respectively. As expected,
these plots follow the same trends as the maximum values. The
time-average density drops by almost an order of magnitude within
aradial distance of 12 cm downstream the PPT exit. The measure-
ments show particularly well the large angular variation of density
in the perpendicularplane and the high degree of uniformity in the
parallel plane.

For all cases considered, the time-average electron temperature
is approximately 3 eV at 6 cm and decreases to about 1 eV at 20 cm
from the Teflon surface. These magnitudes compare with recent
spectroscopic measurements in a PPT plume.” Unlike the time-
average density, there is no apparent difference in the time-average
temperature between the parallel and perpendicularplanes.
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Fig. 11 Spatial variation of ( N.) (£ 60%) and ( T,) (= 0.75 eV) in the plume of a 5-]J PPT.
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Fig. 12 Spatial variation of ( N.) (£60%) and ( T,.) (= 0.75 eV) in the plume of a 20-J PPT.



770 ECKMAN ET AL.

S
<
A\l
&
A
0 +—F+—"F+—"F+—"+—+—F+—
6 8 10 12 14 16 18 20
| | | | | | | |
TTT T [(TT T T[T T [TTT T TTTT{TTT {7777
102!
%
g
AN 102°
Z
\
101°

v e e oo der o aes e by

! T T I I T ] 1

6 8 10 12 14 16
Axial Distance (cm)

a) Perpendicular plane

18 20

N
9
A
&N
\
0 +——F—"—F—"F—"F+—+—"+—
6 8 10 12 14 16 18 20
L 1 | | | { 1 |
| I ! | 1 |
1021
%
=
/\N 1020
7
1019
| ] | | | |
i ! 1 I | ! I i
6 8 10 12 14 16 18 20

Axial Distance (cm)
b) Parallel plane

Fig. 13 Spatial variation of ( N,) (£60%) and ( T,.) (= 0.75 eV) in the plume of a 40-J PPT.

Finally, from these data it can be concluded that an increase in
the discharge energy results in larger time-average electron den-
sities for all plume locations. The time-average electron tempera-
ture, however, remains unaffected within the accuracy of our mea-
surements. These effects should be reexamined with higher fidelity
measurements.

Conclusions

The experimental characterization of the plume of a PPT was
performed as part of a program that aims in developing an under-
standing of PPT plume/spacecraft interactions. The experimental
setup included triple langmuir probes mounted on a movable probe
stand, to collect data over a wide range of locations and operat-
ing conditions. The implementation of this measuring technique is
discussed in detail, to aid future work that utilizes these devices.
The laboratory-model PPT used is a rectangular geometry built for
component lifetime tests and plume studies. Electron temperature
and density was measured from up to 45 deg from the centerline
on planes parallel and perpendicular to the thruster electrodes, for
thruster energy levels of 5, 20, and 40 J. Radial distances extend
from 6 to 20 cm downstream from the Teflon surface. These loca-
tions cover the core of the PPT plume, over a range of energy levels
that corresponds to proposed mission operating conditions ?

Data analysis shows the spatial and temporal variation of the
plume. Maximum electron density near the exit of the thruster is
1.6 x 10, 1.6 x 10*', and 1.8 x 10?! m™ for the 5-, 20-, and 40-J
dischargesrespectively. At 20 cm downstream from the Teflon sur-
face,densitiesare 1 x 10'?,1.5 x 10?°, and4.2 x 10% forthe 5-,20-,
and 40-J discharges, respectively. The maximum electron tempera-
ture was found in the range between 3.5 and 4.5 eV at the thruster
exit and between 2 and 3.5 eV at 20 cm from the Teflon surface for
all discharge energies considered.

The time-average electron density and temperature were also
evaluated and found to decrease with increasing radial distance
from the Teflon surface. Time-average temperatures are between
1 and 3 eV for all dischargeenergy levels considered. Time-average
electron density increases with increasing discharge energy and
range between 10'° and 2 x 10% m™* for the 5-J case, 3 x 10'° and
9 x 10?° m™3 for the 20-J case, and 5 x 10" and 1.4 x 10*! m™3
for the 40-J case. For all energy levels considered, plume properties

show larger angular variation on the perpendicular plane than the
parallel plane. This can be attributed to the rectangular geometry of
the PPT electrodes. These measurements confirm the nonsymmet-
ric nature of the PPT plume, which is an important consideration
in plume/spacecraft interaction studies. Finally, the measurements
show that the increase of discharge energy results in higher electron
densities but not temperature.
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