
JOURNAL OF PROPULSION AND POWER

Vol. 20, No. 2, March–April 2004

Pulsed Plasma Thruster Plume Investigation Using
a Current-Mode Quadruple Probe Method
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and
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A current-mode quadruple-Langmuir-probe method was developed and used to measure electron temperature,
electron density, and the ratio of ion speed to most probable thermal speed in the plume of a rectangular-plate
laboratory model Teflon® pulsed plasma thruster. The current mode involves biasing all the electrodes and mea-
suring the collected currents. The current collection theory and uncertainty analysis are presented. The thruster
was operating at discharge energies of 5, 20, and 40 J and 15-microsecond pulses. Quadruple-probe measurements
were taken at 10, 15, and 20 cm downstream of the Teflon propellant surface and angular locations of up to 40 deg
off the centerline on planes perpendicular and parallel to the thruster electrodes. The electron temperature at 10
cm reaches values that range from 10 to 18 eV during the rise of the discharge current but remains below 5 eV
for the rest of the pulse. The electron temperature shows no angular variation but reduces with increasing radial
distance. The maximum electron density at 10 cm is 10,20 7 ×× 10,20 and 1.5 ×× 1021 m−3 for the 5, 20, and 40-J
discharge energy, respectively. The electron density reduces with increasing angle especially at larger downstream
distances. The ion-speed ratios indicate supersonic ions and increase with downstream distance and for all angles
considered. Ion speeds at 10 cm are approximately 30,000 m/s at the beginning of the pulse and reduce in magnitude
to below 10,000 m/s near the end of the pulse.

Nomenclature
Ap = probe area, m−2

A‖(⊥) = area for the parallel (perpendicular) to the flow
electrode, m−2

Ci = most probable ion velocity
ds = probe sheath thickness, m
ED = capacitor discharge energy, J
Ii(e)p(t) = ion, (electron) probe current, A
Ip(t) = total probe current, A
Isp = specific impulse, s
Ji(e)0 = ion, (electron) random current density, A/m2

K nst = Knudsen number for species s-t collisions
k = Boltzmann’s constant, 1.381 ×× 10−23 J/K
l p = probe length, m
mi(e) = mass of ion (electron), kg
ne(t) = electron number density, m−3

nmax
e (r, θ) = maximum electron density during a pulse, m−3

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

rp = probe radius, m
Si (t) = ratio of ion speed to most probable ion velocity
s = probe spacing, m
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Te(t) = electron temperature, K
T max

e (r, θ) = maximum electron temperature, eV
Ti = ion temperature
t = time, µs
Ui (t) = ion speed, m/s
Zi = number charge of ion i
θ = polar angle measured from the center

of the Teflon surface, deg
λD = Debye length, m
λst = mean free path for collisions between

species s and t , m
τL = end-effect parameter
φp = potential of probe p, V
φs = plasma (or space potential), V
φps = voltage difference between probe p

and plasma potential, V
x p = nondimensional potential at a probe p

Introduction

T HE characterization of pulsed-plasma-thruster (PPT) plumes
is important for the investigation of plume/spacecraft inter-

actions as well as for the understanding of the physical processes
inside the thruster. A rectangular-geometry ablative PPT is an elec-
tromagnetic propulsion device shown schematically in Fig. 1. The
main capacitor discharge ablates and ionizes the solid Teflon pro-
pellant. The generated plasma accelerates through electromagnetic
and gasdynamic processes that are still not fully understood. The
result of the Teflon decomposition and ionization processes in the
PPT channel is an unsteady, partially ionized plume that consists
of plasmoids emitted at the pulsing frequency of the thruster. Each
plasmoid consists of neutrals and ions, material from electrode ero-
sion, as well as electromagnetic fields and optical emissions. Var-
ious types of rectangular ablative PPTs have been flown success-
fully onboard spacecraft. The NOVA PPTs with peak power level
of 30 W, Isp of 543 s and Ibit of 400 mN-s and a combined opera-
tion of over 20 years, showed no observed impact on solar arrays
or other spacecraft operations.1 The Lincoln Experimental Satellite
(LES) used four experimental PPTs for station keeping flawlessly
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Fig. 1 Schematic of the laboratory PPT without the sputter guard
(Gatsonis et al.).

for almost 9000 h (Ref. 2). The Earth Observer-1 (EO-1) satellite
used PPTs without any observed adverse spacecraft interactions.3

Numerous experimental investigations involved the LES-6 PPT,4−6

and other specifically designed PPTs.7−9 The renewed interest in
the PPT prompted various investigations of the derivatives of the
flight-qualified LES-8/9 PPT. These investigations provided an as-
sessment of plume contamination,10 plume materials and the neu-
tral pressure evolution in the plume,11 thrust measurements,12 plume
asymmetry,13 particulate characterization,14 as well as electron den-
sity and electron temperature.15

In this paper we present measurements of ion-speed ratio (ion
speed and the most probable ion velocity), electron temperature,
and electron density taken in the plume of a laboratory PPT using
a quadruple Langmuir probe technique. The thruster used in this
investigation is a rectangular model, derived from the heritage of
flight-qualified LES-8/9 and EO-1 PPTs for which there has been
no ion-speed characterization. Ion species production in the PPT
channel is time dependent, and therefore, species populations in the
plume are expected to have different mean velocities and tempera-
tures. Such information is critical in the understanding of acceler-
ation mechanisms in the PPT channel as well as in the assessment
of possible plume/spacecraft interactions. Our knowledge is based
on the early studies of Vondra et al. using the LES-6 PPT operat-
ing with discharge energies between 1 and 4 J (Ref. 4). They esti-
mated an average exhaust speed of approximately 3000 m/s while
Faraday cup measurements indicated an ion speed of approximately
40,000 m/s. The subsequent spectroscopic study of the LES-6 plume
by Thomassen and Vondra5 identified multiply ionized species with
CI ∼ 5,000–15,000 m/s, CII ∼ 20,000–30,000 m/s, CIII ∼ 30,000–
40,000 m/s, FI ∼ 5,000–15,000 m/s, FII ∼ 15,000–25,000 m/s, and
FIII ∼ 25,000–35,000 m/s. These plume observations raised early
on the awareness that in the PPT there is a slow component, mostly
neutral, that contributes little to the useful thrust. Dawbarn et al.16

using a PPT with ablated mass of Ma = 1.71 µg/pulse and a period
of P = 50 µs observed two ion plasmoids moving with 40,000 and
13,000 m/s respectively. Studies of the LES-8/9 PPT plume used
time-of-flight analysis of single Langmuir probe data and identi-
fied two ion speeds with approximately 30,000 and 60,000 m/s,
respectively.11 Fast ionization gauges detected the presence of slow
neutral particles up to 1 ms after the end of the discharge.11

The laboratory PPT was operated at discharge energy levels of 5,
20, and 40 J that are relevant to several potential PPT applications.17

The quadruple Langmuir probe is a hybrid between a triple probe
introduced by Chen and Sekiguchi18 and a crossed probe as ap-
peared in Kanal.19 In this paper we present a novel implementa-
tion for the quadruple probe, referred to as current mode that was
proven suitable for the unsteady plume plasma. The current mode
of the quadruple-probe operation involves biasing three probes and
measuring the resulting currents. We also incorporate a current col-
lection theory that improves the previous crossed-probe19−21 imple-
mentations in flowing plasmas and quadruple-probe implementa-
tions in the plumes of magnetoplasmadynamic thrusters,22 arcjets,23

and gasdynamic PPTs.24 These previous implementations used a
current-collection theory that assumes negligible sheath thickness

Table 1 Operational characteristics of the laboratory-model PPT

Discharge Impulse bit, Mass loss/pulse, Specific
energy, J µN-s µg/pulse impulse, s

5.3 36 —— ——-
20.5 256 26.6 982
44.0 684 51.3 1360

(ds/rp → 1), assumes that the ion saturation current is independent
of the applied potential and that the perpendicular probe operates
in the ion-saturation regime. The quadruple-probe implementation
of Burton and Bufton23 in arcjets included corrections caused by
multiple species. In our study the ion current collection to the par-
allel to the flow electrodes is based on the Peterson and Talbot25

fits to Laframboise’s26 theory that accounts for effects of the sheath
expansion on current collection. The perpendicular to the probe cur-
rent utilizes the theory by Kanal19 and includes contribution from
electron and ion fluxes.

The quadruple-Langmuir-probe measurements were conducted
in a large vacuum facility and covered the entire plume from the
thruster centerline out to the backflow regions in both directions. The
quadruple probe was attached to a translation stage that allowed data
collection in the plume on two planes: perpendicular and parallel to
thruster electrodes passing through the thruster’s centerline. Mea-
surements were obtained for radial distances of 10, 15, and 20 cm
with respect to the center of the Teflon propellant face. The PPT
itself was mounted on a rotational stage that allowed for polar an-
gles of 0–180 deg. In this paper the current-mode quadruple-probe
theory is outlined and probe construction, grounding scheme, as
well as the cleaning procedure, are discussed. The data-reduction
methodology, error analysis and temperature, density and ion speed
ratio measurements are presented.

Thruster and Facility
A laboratory-model PPT with a parallel plate electrode arrange-

ment and rectangular geometry housing was used in this study. The
PPT is similar to the one flown on the EO-1 spacecraft and was de-
signed at NASA Glenn Research Center for component life tests and
plume characterization. The operational characteristics are shown
in Table 1. The thruster has 2.5-cm-square electrodes, as shown in
a schematic of the thruster (Fig. 1). The thruster uses a 33-µF ca-
pacitor for its main discharge and is capable of operating through
a discharge energy range of 5–60 J. Experiments were conducted
in a 2.13-m-diam, 3.05-m-long vacuum facility with a volume of
6.22 m3 and an estimated pumping speed of 12,500 liters per second.
The system used two oil diffusion pumps to achieve base pressures
between 5 × 10−7 and 2 × 10−6 torr.

A test stand was designed and built that would allow the thruster to
fire along the centerline of the vacuum tank, horizontally, from one
end towards the other. This arrangement is illustrated in Fig. 2. The
probe assembly was mounted on a horizontal translation table that
was computer controlled. This allowed the probes to be moved hor-
izontally downstream from the thruster exit plane remotely through
a range of locations from within the exit plane to 20 cm downstream
from the Teflon fuel bar surface. For off-centerline measurements
the thruster itself was rotated on a computer-controlled rotational
stage through the appropriate angle, with the probe aligned geomet-
rically with the center of the Teflon fuel bar surface.

Current-Mode Quadruple Langmuir Probe Theory
A quadruple Langmuir probe is a combination of a triple

Langmuir probe with a crossed probe, an electrode that is placed
perpendicular to the plasma. The theory of operation of a triple
Langmuir probe was first outlined by Chen and Sekiguchi18 and the
cross probe by Kanal.19 A symmetric quadruple Langmuir probe,
similar to the ones used in our experiments, consists of four iden-
tical probes placed in the plasma shown schematically in Fig. 3. In
the typical mode of operation, referred to as voltage mode, one of
the probes, indicated as probe 2 in Fig. 3a, is allowed to float in
the plasma, and a fixed voltage φ13 = φ1 − φ3 is applied between
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Fig. 2 Schematic of the laboratory PPT and the quadruple-Langmuir-
probe motion system.

a) Voltage mode

b) Current mode

Fig. 3 Electric diagram of a quadruple Langmuir probe.

the positive and negative probe with respect to the floating potential
probe. The resulting voltage difference φ12(t) and collected current
I (t) allow for the evaluation of Te(t) and ne(t). The perpendicular
probe allows the determination of the ion-speed ratio between ion
speed and the most probable ion velocity Si = ui/Ci .

Our previous experience of operation of triple probes showed that
voltage measurement needed to obtain φ12(t) is easily susceptible
to electromagnetic interference (EMI) noise entering the system.
We therefore extend here the current-mode triple Langmuir-probe

operation to quadruple probes and referred to as the current-mode
quadruple Langmuir probe illustrated in Fig. 3b. A fixed voltage
φ12 is applied between probe 1 and probe 2, φ13 is applied between
probe 1 and probe 3, and φ14 = φ13 is applied between probe 1 and
the perpendicular probe 4. The collected currents I1(t), I2(t), I3(t),
and I4(t) allow for the evaluation of Te(t) and ne(t) and Si (t) as
outlined next.

To develop the theory of the current-mode quadruple-probe oper-
ation, it is assumed that the probes are inserted in a two-temperature
flowing plasma. The distribution function is a drifting Maxwellian:

fq(r, v, t) = nq(r, t)

(
mq

2πkTq

) 3
2

exp

[
−mq(vq − Uq)

2

2kTq

]
(1)

where mq is the mass, vt is the particle velocity, nq(r, t) is the num-
ber density, Uq(r, t) = 〈vq〉 is the average (or drift) species velocity
(brackets indicate average over the species distribution function),
and Tt is the temperature for a species q = e or q = i . We further
assume that the angle between the flow velocity and the probe axis
is given by an angle φ, and we define the speed ratio

Sq = (Uq/Cq) (2)

where the most probable thermal speed is

Ct =
√

2kTt/mt (3)

The quadruple-probe theory assumes that the probes are operating
in the collisionless plasma,

rp 	 λei , λee, λen, λi i , λin (4)

and that the sheath is collisionless

ds 	 λei , λee, λen, λi i , λin (5)

It is also required that the sheath thickness is smaller than the
interprobe spacing so that there are no sheath interactions between
the probes

ds < s (6)

For a probe electrode at a potential less than the space potential
(φp ≤ φs) as shown in Fig. 3, the total probe current is

Ip = Iep − Iip (7)

In writing the preceding equation, it is assumed that the electron
current to a probe (retarded current) is positive and the ion current
(accelerated current) to a probe negative. A probe therefore collects
an electron current that is larger in magnitude than the ion current
if Ip > 0.

The electron current to a probe aligned with the plasma flow
(ϕ = 0 deg) is considered first. For a probe with φp ≤ φs , the elec-
trons are the repelled species, and the electron current is given by

I‖e = Ap Je0 exp

[−e(φs − φp)

kTe

]
= Ap Je0 exp

(−eφsp

kTe

)
(8)

where the random electron current density to the probe is

Je0 = ene(kTe/2πme)
1
2 (9)

The ion current to a cylindrical probe aligned with the flow oper-
ating in the collisionless regime depends on the Debye ratio rp/λD ,
the ion speed ratio Si , the temperature ratio Te/Zi Ti , and the nondi-
mensional potential

χp = e(φp − φs)

kTe
(10)

The Debye length, assuming a quasi-neutral plasma ni
∼= ne, is

λD =
√

ε0kTe

/
e2ni (11)
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For Debye ratios 5 ≤ rp/λD ≤ 100, χp > 3, and Ti/Zi Te ≤ 1,
Peterson and Talbot25 give the ion current to a probe aligned with
the flow (ϕ = 0 deg) by an algebraic fit to Laframboise’s26 data as

I‖i = Ap Ji0(β + |χp|)α (12)

where

Ji0 = eni (kTe/2πmi )
1
2 (13)

The parameters α and β are given as

α = 2.9/[ln(rp/λD) + 2.3] + 0.07(Ti/Zi T )0.75 − 0.34 (14)

β = 1.5 + (Ti/Zi Te)
{

0.85 + 0.135[ln(rp/λD)]3
}

(15)

The current collection by the perpendicular to the flow probe
(ϕ = 90 deg) is based on the theory developed by Kanal.19 The
electron current is given by

I⊥e = Ap Jeo exp(−eφsp/kTe) (16)

The ion current to the perpendicular probe for finite sheath thick-
ness is given by Kanal19 as a function of the speed ratio, the applied
nondimensional potential, and the collection area. In the general case
the collection area and nondimensional potential are not indepen-
dent of each other. However, assuming negligible sheath thickness,
that is, ds/rp � 1, Johnson and Murphree20 developed an asymp-
totic expression

I⊥i = A⊥nee

(
kTe

2πme

) 1
2 2√

π
exp

(− S2
i

) ∞∑
n = 0

[
Si

n!

]2

�

(
n + 3

2

)

(17)

where the collector area becomes simply the probe area

A⊥ = 2πrp L (18)

Applying the current collection models with A1 = A2 = A3 ≡ A‖
and A4 = A⊥, we obtain the following system for the quadruple
probe:

I1 = A‖ Je0 exp

(
− eφs1

K Te

)
− A‖ Ji0

(
β + eφs1

kTe

)α

I2 = A‖ Je0 exp

[
− e(φs1 + φ12)

kTe

]
− A‖ Ji0

[
β + e(φs1 + φ12)

kTe

]α

I3 = A‖ Je0 exp

[
− e(φs1 + φ13)

kTe

]
− A‖ Ji0

[
β + e(φs1 + φ13)

kTe

]α

I4 = A⊥ Je0 exp

[
− e(φs1 + φ14)

kTe

]
− A⊥nee

(
kTe

2πme

) 1
2 2√

π

× exp
(− S2

i

) ∞∑
n = 0

[
Sn

i

n!

]2

�

(
n + 3

2

)
(19)

For rp/λD > 100 Laframboise’s theory is not formally applicable,
and following Chen and Sekiguchi18 the thin-sheath theory pro-
vides the ion current to a parallel probe by the well-known Bohm
expression

I‖i = A‖ene

√
kTe/mi exp− 1

2 (20)

The system of equations (19) then becomes

I1 = A‖ Je0 exp

(−eφs1

kTe

)
− A‖ene

√
kTe

mi
exp− 1

2

I2 = A‖ Je0 exp

[−e(φs1 + φ12)

kTe

]
− A‖ene

√
kTe

mi
exp− 1

2

I3 = A‖ Je0 exp

[−e(φs1 + φ13)

kTe

]
− A‖ene

√
kTe

mi
exp− 1

2

I4 = A⊥ Je0 exp

[−e(φs1 + φ14)

kTe

]
− A⊥nee

(
kTe

2πme

) 1
2 2√

π

× exp
(− S2

i

) ∞∑
n = 0

[
Sn

i

n!

]2

�

(
n + 3

2

)
(21)

The solution to the system of nonlinear algebraic equations (19) or
(21) provides Si , ne, Te, and φs1. For rp/λD � 1 Lam27 has devel-
oped an asymptotic theory, but in our experiment the Debye ratios
remained finite.

Diagnostics and Procedures
The quadruple probe is based on our previous triple probe design,

modified to accommodate the crossed electrode shown schemati-
cally in Fig. 4 (Ref. 15). All electrodes are made of 0.127 × 10−3 m
diam tungsten wire, passed through a 6.28 × 10−3 m diam alumina
tubing sheath and expose 6 × 10−3 m to the plasma. Special shield-
ing procedures were carried out to minimize any EMI effects on
the cables running out of the tank. On the outside of the tank, the
shielded cables are connected to BNC feedthroughs on a Faraday
cage that houses the high-voltage power supply, triggering power
supply, oscilloscope, probe biasing voltage sources, and the current
probes. The cable shielding and Faraday cage were implemented
from previous efforts to take voltage-based triple Langmuir-probe
measurements in the PPT plume.28

A Rogowski coil was placed around the PPT’s main discharge
capacitor and used to measure the time derivative of the PPT dis-
charge current. The integrated output from the Rogowski coil was
recorded on the oscilloscope and used as a trigger for the data acqui-
sition. The initiation of the PPT discharge as seen from the discharge
current serve as a common zero time for all of the measurements.
This can also be used in examining the global evolution of the PPT
plume.

Within the Faraday cage the probe signal wires were connected
to the quadruple-probe circuitry as shown in Fig. 5. The voltages
φ13 and φ14 are each supplied by two 9-V batteries in series, and
φ12 is supplied by two 1.5-V batteries in series. During a PPT pulse,
φ12 was found to vary up to 50% while φ13 and φ14 by up to 20%
their nominal value. The effects of these voltage variations in probe
measurements are incorporated in the uncertainty estimation pre-
sented in the next section. The average voltages did not to change
more than ±.01 V for every 100 data sets collected. The voltages
were also measured before and after each glow cleaning, with φ12

ranging from 2.876 to 2.989 V, and φ13 and φ14 ranging from 18.59
to 18.64 V. The currents to the quadruple-probe electrodes were
measured with a current probe. The probe currents as well as the
discharge current were recorded on a four-channel oscilloscope.

Over the course of numerous firings, the probe electrodes acquired
a black residue from the Teflon plasma. The glow discharge method

Fig. 4 Schematic of the quadruple Lamgmuir probe.
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Fig. 5 Electronics diagram of the quadruple-Langmuir-probe experiment.

a) Plane perpendicular to the electrodes

b) Plane parallel to the electrodes

Fig. 6 Measurement locations in the plume of the laboratory PPT.

described by Eckman et al.15 was used to decontaminate the probes
for every 30 pulses of thruster operation.

Quadruple-probe data were taken on the planes perpendicular and
parallel to the thruster electrodes at locations shown in Fig. 6. For
each discharge energy level of 5, 20, and 40 J, measurements were
taken at 50, 70, 90, 110, and 130 deg at 10 and 15 cm from the Teflon
fuel bar face and at 50, 60, 70, 80, 90, 100, 110, 120, and 130 deg
at 20 cm from the Teflon fuel bar surface. At every spatial location
and energy level the probe current was obtained by averaging signals

from four consecutive PPT firings. Each current sample lasted for
20 ms and included 500 current measurements.

Sensitivity and Error Analysis
The implementation of the quadruple probe in the PPT plume

requires careful consideration of plasma and probe parameters that
enter in the evaluation of Te(t), ne(t), and Si (t). Estimates are ob-
tained assuming that the PPT plume is composed of single-ionized
C+ and F+ ions with mole fraction [C+]/[F+] = 0.5, electron tem-
perature in the range of 1–10 eV, the electron density is in the range
of 1018–1021 m−3 and 0.01 ≤ Ti/Te ≤ 1.

Tables 2a and 2b shows that 6 ≤ rp/λD ≤ 1700 for the entire range
of plasma parameters considered and the probes operate for the most
part with 10 ≤ rp/λD ≤ 100, a range within the formal requirement
of Laframboise’s current-collection theory.26 The sheath thickness
needed to evaluate possible sheath interactions is estimated by29

ds = (√
2
/

3
)
λD(2eφps/kTe)

3
4 (22)

The maximum probe potential with respect to the plasma is expected
on probe 3 φ3s and is estimated for the third probe to be between
25–60 V. Table 2 shows that no interference is expected between
the sheaths because 45 ≤ s/ds ≤ 14 × 103 for the range of plasma
parameters considered.

The other requirement for the application of the current-collection
theory is that the probe electrodes operate in the free-molecular
regime, which implies K nst = λst/rp � 1 for all type of collisions
expected in the PPT plume. Charged-charged particle (e-i, i-i, e-e)
and charged-neutral particle (i-n, e-n) collisions affect the ion and
electron currents collected by a probe in flowing plasma. There has
been no theory that consistently accounts for collisional effects on
transitional probes, although many studies have identified several
effects as reviewed in Chung et al.30 It is evident from Table 2
that the quadruple-probe electrodes operate for the most part in the
collisionless regime (K nst = λst/rp ≥ 1), although in certain cases
the electrodes can be in the transitional regime. Ion–ion collisions
in cases where K nii ≤ 1 account for an increase in ion current.
Bruce and Talbot31 measured an increase of approximately 10% in
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Table 2a Nondimensional parameters of a quadruple Langmuir probe with rp = 1.25 ×× 10−4 m and s = 10−3 m in a
PPT plum: Plasma parameter

Plasma parameter

ne = 10,19 m−3 ne = 1019 m−3 ne = 1021 m−3 ne = 1021 m−3

Probe parameter Te = 2 eV, Ti = 1 eV Te = 5 eV, Ti = 1 eV Te = 2 eV, Ti = 1 eV Te = 5 eV, Ti = 1 eV

rp/λD 38.2 24.2 382.1 241.7
s/ds 300.9 190.3 3008.9 1903.0
K nC+,C+ 3.3 11.5 0.044 0.15
K nF+,F+ 3.3 11.5 0.044 0.15
K nF+,C+ 3.1 10.9 0.041 0.14
K ne,C+ 74.7 408.3 1 5.2
K ne,F+ 74.7 408.3 1 5.2
λei/λD 2856.2 9868.0 376.5 1250.7
K ne,e 52.8 288.7 0.7 3.7
τL 203.9 203.9 2039.3 2039.3

Table 2b Nondimensional parameters of a quadruple Langmuir probe with rp =
1.25 ×× 10−4 m and s = 10−3 in a PPT plum: Neutral parameter

Neutral parameter

nn = 1019 m−3 nn = 1019 m−3 nn = 1022 m−3 nn = 1022 m−3

Probe parameter Tn = Ti = 0.5 eV Tn = Ti = 1 eV Tn = Ti = 0.5 eV Tn = Ti = 1 eV

K nC+,C 2792.1 3948.6 2.8 3.9
K nF+,F 4962.7 7016.9 5.0 7.0

the ion (saturation) current for an aligned probe with K nii � 0.08
and χp = −10. Kirchhoff et al.32 showed that for λei ≥ 200λD or
K nei ≥ 200(λD/rp) electron–ion collisions do not produce any tran-
sitional effects on the current with the probes in the retarding re-
gion, that is, with probe potentials between plasma and floating.
Kirchhoff et al.32 also showed that double probes can be used for
the determination of electron temperature even when substantial
collisional effects are present, probably because of cancellation ef-
fects. Bushman et al.24 offer a similar explanation for quadruple
probes. Charged-neutral collisions reduce the current collected by
a probe below the collisionless limit predicted by Laframboise.26

Kirchhoff et al.32 discussed the effects of ion-neutral collisions on
the ion current for a probe in the ion-saturation regime and the effects
of electron-neutral collisions on the electron current for probes in
the retarding-field regime. Clearly, Tables 2a and 2b shows that the
effects of ion-neutral and electron-neutral collision can be ignored.

The triple probe was aligned with the polar angle measured from
the center of the Teflon surface, which might have resulted in probe
misalignment with the flow vector. These issues have been discussed
by Eckman et al.,15 where it was argued that the effects of misalign-
ment would not adversely affect triple-probe measurements. The
end-effects parameters given by

τL = (L p/λD)(kTe/mi )
1
2 U−1

i (23)

are estimated in Tables 2a and 2b using a maximum ion speed of
Ui = 30, 000 m/s. The τL � 50 ensures that end effects are negligi-
ble and that the ion current is not sensitive to any small misalign-
ments between the probe and the flow vector.

The uncertainties in Te(t), ne(t), φs1(t), and Si (t), designated as
�Te(t), �ne(t), �φs1(t), and �Si (t), depend on the propagation
of uncertainties of all of the parameters entering in their evaluation
through the system of equations (21). However, the system (21)
is in implicit form, nonlinear, and therefore uncertainty analysis is
beyond the methodology presented in literature.33 The system (21)
is written in the form

f1(Te, ne, φs1, Si , rp, l p, mi ) = I1

f2(Te, ne, φs1, Si , rp, l p, mi , φ12) = I2

f3(Te, ne, φs1, Si , rp, l p, mi , φ13) = I3

f4(Te, ne, φs1, Si , rp, l p, mi , φ14) = I4 (24)

Upon differentiation the preceding system becomes

∂ f1

∂Te
�Te + ∂ f1

∂ne
�ne + ∂ f1

∂φs1
�φs1 + ∂ f1

∂Si
�Si

= −
(

∂ f1

∂mi
�mi + ∂ f1

∂l p
�l p + ∂ f1

∂rp
�rp

)
+ �I1

∂ f2

∂Te
�Te + ∂ f2

∂ne
�ne + ∂ f2

∂φs1
�φs1 + ∂ f2

∂Si
�Si

= −
(

∂ f2

∂mi
�mi + ∂ f2

∂l p
�l p + ∂ f2

∂rp
�rp + ∂ f2

∂φ12
�φ12

)
+ �I2

∂ f3

∂Te
�Te + ∂ f3

∂ne
�ne + ∂ f3

∂φs1
�φs1 + ∂ f3

∂Si
�Si

= −
(

∂ f3

∂mi
�mi + ∂ f3

∂l p
�l p + ∂ f3

∂rp
�rp + ∂ f3

∂φ13
�φ13

)
+ �I3

∂ f4

∂Te
�Te + ∂ f4

∂ne
�ne + ∂ f4

∂φs1
�φs1 + ∂ f4

∂Si
�Si

= −
(

∂ f4

∂mi
�mi + ∂ f4

∂l p
�l p + ∂ f4

∂rp
�rp + ∂ f4

∂φ13
�φ13

)
+ �I4

(25)

The partial derivatives in the preceding system are the sensitivity
coefficients and are obtained analytically. The system (25) is solved
numerically for �Te(t), �ne(t), �φs1(t), and �Si (t). We proceed
next with the evaluation of �I1, �I2, �I3, �I4, �rp , �l p , �φ12,
�φ13, �φ14, and �mi .

The uncertainties �I1, �I2, �I3, and �I4 are set equal to
the sensitivity of the current probes used in the experiment. The
sensitivity values are taken to be ±2.0% of the full-scale probe
current measured on the oscilloscope, that is, �I1 = ±0.02I1F.S.,
�I2 = ±0.02I2F.S., and �I3 = ±0.02I3F.S.. The uncertainties in
�φ12, �φ13, �φ14 arise from the variation of the applied volt-
ages during the PPT pulse. To determine this variation, the
applied voltages were measured at r = 20 cm on the center-
line at discharge energy levels of 5, 20, and 40 J, respectively.
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Table 3 Mean, standard error, and 95% confidence interval for the applied potentials φ12(t), φ13(t), and φ14(t)
measured at r = 20 cm in the plume of a laboratory PPT

ED , J φ̄12, V s(φ̄12), V �φ̄12, V φ̄13, V s(φ̄13), V �φ̄13, V φ̄14, V s(φ̄14), V �φ̄14, V

5 3.396 0.086 ±0.169 19.166 0.038 ±0.075 18.672 0.039 ±0.077
20 3.117 0.039 ±0.076 18.982 0.046 ±0.091 17.958 0.059 ±0.115
40 3.390 0.089 ±0.175 18.078 0.066 ±0.130 17.269 0.100 ±0.196

Fig. 7 Errors ∆Te(t), ∆ne(t), and ∆Si(t) for combinations of un-
certainties from quadruple Langmuir-probe-measurements taken at
r = 10 cm on the centerline in the plume of a 40-J laboratory PPT.

Table 3 presents the mean, the standard deviation, and the 95%
confidence interval about the mean given as

�φ̄1p = ±t (v, z)s(φ̄1p) (26)

where t (v, z) is the t statistic for v = n − 1 degrees of freedom
and z = 1.96 (Ref. 34). This analysis provides the uncertainties that
are evaluated as �φ1p = �φ̄1p . In addition, in the solution of the
system (24) the mean voltages φ̄12, φ̄13, and φ̄14 are used in place of
φ12, φ13, and φ14, respectively. The uncertainties �rp and �l p are
set equal to the precision of the calipers used in the construction of
the probes as �rp(t) = �l p(t) = ±0.0254 × 10−3 m.

The next step in the evaluation of the errors �Te(t), �ne(t),
and �Si (t) involves the assessment of the right-hand sides in the
system (25) that contain contributions from the uncertainties. An
analysis was performed where the right-hand sides were evaluated
for individual uncertainty terms assuming all remaining uncertainty
terms were set to zero and then calculating the resulting absolute
errors |�Te(t)|, |�ne(t)|, and |�Si (t)| from Eqs. (25). This analysis
revealed that the dominant contributors to |�Te(t)| and to |�Si (t)|
are ±�I1, ±�I2, ±�I3, and �φ̄12, whereas the dominant contribu-

Fig. 8 Discharge current, quadruple-Langmuir-probe currents, and
the resulted ne(t), Te(t), Si(t) with maximum error bars. Measurements
taken at r = 10 cm along the centerline (θ = 90 deg) in the plume of a
20-J laboratory PPPT.

tor to |�ne(t)| is ±�rp . The analysis also revealed that by changing
the sign of an uncertainty term the sign of the error changes. Effects
of combinations of uncertainty terms on �Te(t), �ne(t), and �Si (t)
were also evaluated following a similar process. It was concluded
that the combination of (−�I , +�rp , +�Ip , +�φ12, +�φ13, and
+�φ14) resulted in the maximum errors�Te(t),�ne(t), and�Si (t).
Figure 7 shows the evaluation of maximum errors for a typical
data set.

The plume plasma is assumed to be composed of a single ion
species with an equivalent mass of mi = 16.66m p . This is consistent
with the assumption of complete decomposition of Teflon and the
presence in the plume of single-ionized C+ and F+ ions with a mole
fraction of [C+]/[F+] = 0.5. Therefore, �mi = 0.
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Data Analysis and Discussion
For each set of currents I1(t), I2(t), I3(t), measured at a specified

position (r , θ ) and discharge energy ED , the procedure to determine
Te(t), Si (t), Te(t) is the following:

1) Eliminate data points with currents below the sensitivity of the
current probes.

2) Obtain an initial guess for T 0
e , n0

e , and S0
i from the thin sheath

equations, and use that to evaluate the ratio rp/λD . Obtain Te(t),
Si (t), Te(t) from the solution of Eqs. (19) for rp/λD ≤ 100 or from
Eq. (21) for rp/λD > 100.

3) Obtain the errors �Te(t), �ne(t), and �Si (t) from the solution
of Eqs. (25).

4) Remove outliers from Te(t) data through a regression analysis
that identifies data points with standardized residuals with values
larger than ±2.

Typical quadruple-Langmuir-probe measurements taken at
r = 10 cm on the centerline (θ = 90 deg) of the 20-J laboratory
PPT plume are shown in Fig. 8 along with the resulting electron
temperature, electron density, and ion-speed ratio. The capacitor
discharge lasts for approximately 12 µs, and the discharge current
has a peak of 10.45 kA at t = 3.3 µs followed by a current reversal
that has a secondary peak of −2.66 kA at t = 8.26 µs. The cur-
rent reversal starts at t � 6.1 µs so the pulse is split almost equally
between the main and the secondary discharge. These are charac-

Fig. 9 Electron temperature, electron density, and ion-speed ratio from quadruple-Langmuir-probe measurements taken on the parallel to the
electrodes plane, in the plume of a 20-J laboratory PPT.

teristics common to all discharge currents recorded at 20 and 40 J.
Figure 8 shows that current collection by the probes at r = 10 cm
begins at t � 2 µs and continues for up to t � 15 µs, approximately
3 µs after the end of the discharge. Figure 8 shows that probe 1 and
probe 2 collect mostly electrons,whereas probe 3 and probe 4 collect
mostly ions. The peaks in collected probe currents are I max

1 (r = 10,
θ = 90) = 2.8188 A at t = 5.46 µs; I max

2 (r = 10, θ = 90) = 1.2465 A
at t = 4.74 µs; I min

3 (r = 10, θ = 90) = −1.5614 A at t = 4.74 µs;
and I min

4 (r = 10; θ = 90) = −2.6115 A at t = 5.46 µs.
The electron temperature in Fig. 8 increases from 5.46 ± 0.79 eV

at t = 3.12 µs to reach a maximum of T max
e (r = 10,

θ = 90) = 11.5 ± 3.1 eV at t = 4.08 µs indicating the presence
of hot electrons associated with the peak of the discharge.
A secondary peak of 2.12 ± 0.28 eV is observed to occur at
t = 10.96 µs and is associated with the reversal of the discharge
current. The electron density has a maximum of nmax

e (r = 10,
θ = 90) = 6.4 × 1020 ± 1.820 m−3 at t = 5.2 µs, about 1 µs after
the temperature peak. The ion speed ratio has a maximum of Smax

i
(r = 10, θ = 90) = 3.91 ± 0.58 at t = 7.2 µs.

The 20-J measurements taken at r = 10 and 20 cm are shown in
Fig. 9 for the parallel and in Fig. 10 for the perpendicular planes,
respectively. On both planes the electron temperature measured at
r = 10 cm has a maximum after the peak of the discharge current and
reduces to below 4 eV for times greater than 6 µs. This indicates
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Fig. 10 Electron temperature, electron density, and ion-speed ratio from quadruple-Langmuir-probe measurements taken on the perpendicular to
the electrodes plane, in the plume of a 20-J laboratory PPT.

that near-exit measurements taken during the main capacitor dis-
charge show the presence of 12-eV electrons, whereas measure-
ments taken after the main discharge are consistent with electrons
with temperatures below 4 eV. Furthermore, in certain cases the
discharge reversal can be related with a secondary peak in electron
temperature. We could, therefore, associate these hot electrons with
the capacitor discharge because it is well known that in arc dis-
charges where electric fields are strong the electron temperature can
be much higher than the temperature of the gas itself.35 Similar ob-
servations by Eckman et al.15 indicated high electron temperatures
at the beginning of the pulse. However, Eckman et al. smoothed out
the noisy measurements taken before the peak of the discharge cur-
rent and as a result reported for the 20-J laboratory PPT maximum
electron temperatures below 4 eV. In the present study the fidelity
of the quadruple-Langmuir-probe technique allowed the analysis of
measurements for the full duration of the discharge without need
for smoothing of the currents. A regression analysis was used to re-
move a few temperature outliers with standardized residuals larger
than ±2. It is therefore possible for even higher temperatures to

exist during the main discharge especially at distances closer to
the thruster exit. The experiments of Vondra et al.4 using single
Langmuir probes reported electron temperatures ranging from 20–
25 eV and attributed to the capacitor breakdown. To substantiate
the quadruple-probe measurements, the ratios of the electric field to
gas pressure (E/p) that would be present in the PPT were obtained
from simulations of the PPT channel flow. These simulations were
performed using a version of the MACH2 magnetohydrodynamic
code implemented for the PPT with an ablation model.36 The 20-J
simulation provided an (E/p) range from 0.1–260 V/cm-mmHg
during the discharge. Measurements in monatomic and diatomic
gases with (E/p) in the range from 0–100 V/cm-mmHg clearly in-
dicate the possible large differences between the electron and heavy
species temperature.37

Figures 9 and 10 show that the electron temperature in both planes
exhibits almost no angular variation for the radial distances consid-
ered. However, the electron temperatures decrease with increasing
distance for each of the angles considered. This behavior is consis-
tent with a cooling process of the expanding plasmoid.
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The electron density in Figs. 9 and 10 is highest at the centerline
and reduces with increasing angle especially at larger downstream
distances. The density at r = 20 cm is almost an order of magnitude
smaller than at r = 10 cm for all angles considered.

The ion-speed ratio plotted in Figs. 9 and 10 show that the ions at
r = 10 cm are supersonic for all angles considered. The ion-speed
ratio increases with downstream distance overall and for all angles.
The increase can be attributed to both an increase in ion speed and
reduction in temperature. The attributes shown in Figs. 9 and 10 for
the 20-J discharge are similar to those from measurements taken at
5-J and 40-J discharge energies.38

The effects of discharge energy on plume parameters are exam-
ined in Fig. 11. Two data sets taken on the centerline are plotted for
distances of 10 and 20 cm from the Teflon surface. The electron tem-
perature and density increase with energy level, but the speed ratios
remain almost insensitive to the discharge energy. The hot elec-
trons associated with the main discharge are present at all energy
levels. Maximum electron temperature at r = 10 cm is 10 ± 1.3 eV
for the 5-J discharge, 10.8 ± 0.5 eV for the 20-J discharge, and
13.5 ± 1.8 eV for 40-J discharge. The maximum electron density
at r = 10 cm is 1020 ± 2.8 × 109 m−3, 7.2 × 1020 ± 1.3 × 1020m −3,

Fig. 11 Electron density, electron temperature, and ion-speed ratio
ne(t), Te(t), Si(t) at r = 10, r = 20 cm, and θ = 90 deg in the plume of a
laboratory PPT operating at discharge energies of 5, 20, and 40 J.

1.3 × 1021 ± 3.2 × 1020 m−3 for the 5, 20-, and 40-J discharge, re-
spectively. The large scatter in the 5-J discharge data is associated
with the current measurements being in the low end of sensitivity
of the current probes.

The ion speeds can also be evaluated from

Ui (t) = Si (t)
√

kTe(t)/mi (27)

assuming an ion with mass of mi = 16.66m p . These ion speeds are
plotted in Fig. 12 for various distances on the centerline for ED = 5,
20, and 40 J. Figure 12 shows that the ion speed varies during the
discharge and exhibit peaks especially prominent at the r = 10 cm
location. For the 20-J discharge energy the ion speed is approx-
imately 25,800 m/s at t = 3.12 µs and decreases to 6800 m/s at
t = 13.04 µs. For the 40-J discharge energy the ion speed is approx-
imately 24,800 m/s at t = 3.12 µs and decreases to 12,200 m/s at
t = 13.04 µs. These near-exit measurements indicate that the pro-
cess of ion acceleration in the PPT channel is unsteady with faster
ions appearing at the beginning of the discharge. The speed of the
ions increases with downstream distance for the 20-J and 40-J dis-
charges because of the expansion of the ions. The magnitudes of
the ion speeds depicted in Fig. 12 are consistent with previous mea-
surements reviewed in the introduction, but the present study of-
fers an expanded insight on the ion-speed properties in the PPT
plume.

Finally, to validate the quadruple-probe method Fig. 13 shows
a comparison between the electron temperature and density for
the 40-J discharge with values derived from the current-mode
triple-Langmuir-probe measurements of Byrne.39 This comparison
demonstrates the good quantitative and qualitative agreement be-
tween the plasma parameters derived independently by these two
techniques.

Fig. 12 Ion speeds at centerline in the plume of a 5, 20, and 40-J
laboratory PPT.
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Fig. 13 Electron temperature and density from quadruple-and triple-Langmuir-probe measurements in the plume of a 40-J laboratory PPT.

Conclusions
In the present work a current-mode quadruple-probe method was

developed and applied to a pulsed plasma thruster plume to ob-
tain the electron temperature, electron density, and ion-speed ra-
tio. The current-mode operation of the Langmuir-probe operation
does not require voltage measurements in the unsteady and fluctu-
ating PPT plume. The implementation incorporates for the paral-
lel to the flow electrodes Laframboise’s26 current-collection theory
for rp/λD ≤ 100 and the thin-sheath current collection theory18 for
rp/λD > 100. The current collection to the perpendicular probe is
based on Kanal.19 In addition, an uncertainty analysis was developed
for the nonlinear system of equations that describe the quadruple-
current-collection theory.

Data were collected at 10, 15, and 20 cm from the Teflon bar
on planes perpendicular and parallel to the electrodes for angles of
up to 40 deg from the centerline. The fidelity of the probe tech-
nique allowed measurements to be taken during the entire discharge
that lasts typically about 15 µs. The measurements show hot elec-
trons of up to 18 eV associated with the peak current during the
capacitor discharge. For the most part of the pulse, the electron tem-
peratures remain below 5 eV. The measurements show that electron
temperatures decrease with increasing distance from the Teflon pro-
pellant while ion-speed ratios increase with increasing downstream
distance. The ion speeds estimated for various distances at the cen-
terline decrease during the pulse. This character is indicative of
the unsteady acceleration mechanism inside the PPT channel. The
data show the temporal and spatial variation of the electron density,
electron temperature, and ion-speed ratio during the discharge and
provide a complete view of fundamental plasma parameters in the
PPT plume.
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