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Electrostatic probe apparatus for measurements in the near-anode region
of Hall thrusters
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Near-anode processes in Hall-current plasma thrusters are largely uncharacterized in the
experimental literature. In order to perform measurements in the near-anode region, the high
potential of the anode relative to ground, small spatial variations of plasma properties, and the
complicated thruster geometry are just some of the features that must be taken into consideration.
A diagnostic apparatus for measurements in the near-anode region of Hall thrusters, comprising
biased and emissive electrostatic probes, a high-precision positioning system, and low-noise
electronic circuitry, was developed and tested. Test data for this apparatus indicate that radially
inserted probes negligibly perturb the discharge. Accurate near-anode measurements of the plasma
density, electron temperature, and plasma potential performed with this diagnostic have allowed the
first experimental identification of the electron-repelling anode sheath predicted theoretically in Hall
thrusters. ©2004 American Institute of Physic§DOI: 10.1063/1.1710698

I. INTRODUCTION As we show in this article, this significant disadvantage
) ) o . of movable probe diagnostics vanishes if the probe is intro-
In a Hall thru§te’r discharge, an axial electric field in- 4,04 radially into the near-anode region and does not pass
duced in a quasineutral plasma by an applied dc-voltagg, oygh the acceleration region. It does not cause significant

electrostatically accelerates ions along a coaxial channgjerhations to the discharge or get severely damaged, be-
[Fig. 1(a)]. An applied radial magnetic field in the presence .,;se the electron temperature and plasma density in the

of the axial electric field causes the magnetized electrons tRaar_anode region are low. For the same reason, the probe
drift in the azimuthal direction, but does not affect the un-regjgence time is not an issue. Therefore, radial probe inser-
magnetized ions. The axial flow of electrons toward the antjon goes not require building an expensive and complex

qde is therefpre .lmped.ed, prowdlng.sufflment electron de”high-speed positioning system, generally associated with

sity for effective ionization and allowing the presence of the, i1 insertion of fast reciprocating prob¥sRadial probe

axial electric field in the plasma. insertion was implemented earlier in Ref. 3 for characteriza-

Over the past four decades, compreflensive experimentghn of the local plasma properties in Hall thrusters. Also
studies were performed on Hall thrustérst However, near- noteworthy is Ref. 4, in which the probe was introduced
anode processes have not received sufficient experimentglia|y through the anode and, therefore, could potentially be
scrutiny. Recent theoretical models suggest that Hall thrustyseq for near-anode measurements. However, descriptions of
ers mﬁg operate with or without an electron-repelling anodgne giagnostic apparatus used in these works are very concise
sheath.”™ The near-anode processes might then affect the g cannot be used to reproduce these apparatus. Besides,
overall operatlon_ofa Hall thruster. For gxample, a change of},o reported probe measurements were mainly focused on
the voltage drop in the anode sheath might affect anode heaty, 5 acterizing the acceleration region in Hall thrusters and,

ing, propellant ionizatiof, or the beam divergence inside perefore, do not provide information on the anode sheath
and outside the thruster. behavior.

Similar to the experimental studies of the sheath and |, thjs article, we present an electrostatic probe appara-
presheath in low-pressure gas dischardethe plasma pa- s that can be used for measurements in the near-anode
rameters in the near-anode region can also be studied B%gion of Hall thrusters, or other plasma discharges with
various  electrostatic probe techniques, including singlegimijar geometry, discharge voltage, and near-anode plasma
qu,"ble' and emissive probes. However, stationary probes roperties. The near-anode region in Hall thrusters is typi-
limited to measurements near the outer channel wall, whﬂ%a”y about 1-2 cm long. Plasma densityn
introducing fast reciprocating probes axially into the accel- _1310_1¢ cm=2. electron temperaturd,~3—5 eV, and

. . . . g ’ e y
eration region, withT.~20 eV, can cause significant pertur- qir yariations in the near-anode region are smaller than in
bations to the Hall thruster discharge, namely, fluctuations of,o 5cceleration region. The magnetic field is also much
the discharge current and its increases by up to and greatgp iy, so the electron flux toward the anode is mainly af-
than 50%*>'°This might cause an inaccuracy of up to sev-gcieq by the electron pressure gradients,eidFdz)
eral volts in the measured plgsma potential, which i; of the_ 10 v/em. Although the probes employed in this apparatus
order of the expected potential change over the entire neagye ot novel, this diagnostic system integrates the specific
anode region. mechanical design, electronic circuitry, and measurement
methods necessary for near-anode measurements, and has
¥Electronic mail: dorf@princeton.edu not been implemented previously.
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ode, it is useful to leave a spacel mm) between the anode
and the anode side of the slot. The minimum width of the
slot, in turn, is determined by the outer diameters of the
probes that will be inserted, and the maximum width is de-
termined by the need to minimize particle losses through the
slot. In particular, biased planar probgsg. 1(b)] need to

2 kW Hall have a sufficiently large collecting area to provide a collected
‘Thruster | probe current significantly larger than the noise. The larger
Al " — probe area also allows the use of lower impedance current

adial . . . . . . .
. : shunts in the probe circuit, which reduces spurious signals in
Yaw motion Moton the probe trace. The minimum outer diameter of emissive

@ probes[Fig. 1(b)], alternatively, is set by the need for a

simple and practical construction method.

Biased planar probe The absolute value of the sheath voltage drop is not ex-
-~ SN Y. W oo pected to exceed 20 V. The overall potential drop over the

near-anode region is expected to be of the order of several
volts. Therefore, uncertainties in interpreting the measured
voltage are significantly decreased if the plasma potential is
Emissive probe measured relative to the anode rather than to ground or cath-
ode. In Hall thrusters, the potential of the anode relative to

the ground is several hundred volts. Therefore, anode-
referenced measurements require the use of isolation ampli-

Gap < Debye length

Probe wire + fiers, which typically have dc offsets. The dc offsets, here,
2 x 7 additional W wires are the voltages measured on the outputs of the amplifiers
(b) when the probe electronic circuit is assemb(€ty. 2) and

_ _ ' the thruster is operating, but the probe is disconnected from
FIG. 1. Radial electrostatic probe apparatus for measurements in the Ne3fe measuring circuit. In de-offset measurements for the am-
anode region of Hall thrusterga) 1—probe holder, 2 and 6—manually . ; 9 S . .
controlled precision rotary stages for fine pitch-angle and yaw-angle adjustPlifiers in the emissive probe circuit, the probe is replaced
ments, 3—precision linear stage for a fine height adjustment, 4 andvith a 1 ohm/25 W shunt, and in dc-offset measurements for
5—m0tczr-)drivenX—Y linear positioning stage for radial and axial probe the biasing voltage amplifiers in the biased probe circuit, the
motion. (b) Schematics of the biased and emissive electrostatic probes usegd. _ _. : :
in the near-anode measurements. E’['Silasmg v_o_ltage,VB, is set to 0 V(Fig. 2. The dc offsets of _
the amplifiers need to be subtracted from the corresponding
. S : . . recorded signals when analyzing the data from the plasma
This article is organized as follows. Technical questions 9 analyzing e > P
- . measurements. The calibration of amplifiers used in probe
specific for near-anode measurements in Hall thrusters and ~ .
rcuits showed that these offsets depend on the input load

other plasma discharges are discussed in Sec. Il. Section I?:rllnpedance, the discharge voltage, the mass flow rate, the

describes the diagnostic apparatus built for the characteriz%- : L .
. SR eating voltaggfor the emissive probheand, especially, on
tion of a near-anode region ingich 2 kWHall thruster. In . .
' . .. the choice of reference potential. Therefore, the offsets need
Sec. IV, we present testing results for biased and em|SS|vF . . . )
0 be measured in each thruster operating regime and in each
probes. . . SRR
configuration of the probe electronic circuit—those for mea-
suring the electron and ion parts of the probe current—voltage
(I-V) characteristic in the case of the biased probe and
The anode sheath thickness is typically assumed to be those for measuring the hot and cold probe floating potentials
few Debye lengths, wherep~0.05 mm. Such a thin sheath in the case of the emissive prolféig. 2—prior to perform-
does not easily accommodate probe diagnostics. The infoing the actual plasma measurements.
mation about overall voltage drop in the sheath, however, The maximum input signal for commercial isolation am-
can be obtained through probing plasma in the presheath, gtifiers is typically 10 V, which necessitates the use of volt-
several millimeters from the anode. age dividers. For floating and plasma potential measurements
The radial insertion and axial motion of probes in thewith a floating emissive probe, the impedance of the divider,
near-anode region of a Hall thruster require an axial slot tdry,, must be much larger than the impedance of the probe-
be machined in the outer channel wall. The sizing and placeto-plasma interfaceRgpeai=Te/(€- 17 (ratio of electron
ment of the slot are complicated by the relatively small sizeéemperature to ion saturation current and electron charge
of the channel and obstacles imposed by thruster structuresiinimize the leakage current through the probe circuit. For
for example, by the magnetic circdit.One of the magnetic certain Hall thruster operating regimé&'to the probe with
coils encircles the thruster channel and obstructs radial acollecting area of 3 mfcan be no more than several micro-
cess to the acceleration region, limiting the axial motion ofamperes and therefofR,c.ncan reach 1 Mohm in the near-
the probe in the near-anode region to between the anode aadiode plasma, yieldinBy,, must be hundreds of megaohms.
14 mm from the anode for the 2 kW Hall thruster in this In anode-referenced measurements, such a large load imped-
study. To prevent a collision between the probe and the arance causes the dc offset of up to hundreds of millivolts,

1. NEAR-ANODE MEASUREMENTS
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if the input signal frequency is greater than the rated band-
width of the amplifier. Test data for the 20 kHz amplifiers
used in our apparatus indicates that, for frequencies up to 1
MHz, (a) applying the same signal with an amplitude of up
to 10 V to both inputs of the amplifier results in an output
signal at the level of the natural dc offset of the amplifier,
and (b) applying two different signals to the inputs of the
amplifier does not result in a spurious dc signal at the output.
Moreover, for many sets of thruster operating parameters, the
oscillations in the discharge can be significantly reduced by

7 choosing an appropriate magnetic field configuratioand
] POWER 100 KQ these low-noise operating regimes are generally selected for
2 SUPPLY| performing plasma measurements. For the above reasons, the
inherent oscillations should not affect the applicability of this
FUNCTION apparatus to measurements in Hall thrusters.
GENERATOR

Ill. DIAGNOSTIC APPARATUS

The 2 kW laboratory Hall thruster and test facility used
in this study are described in Ref. 17. Figur@lshows a
radial probe apparatus for measurements in the near-anode
region of a Hall discharge. The probe holder, which can ac-
commodate up to three plain electrostatic or hot emissive
probes simultaneously, is mounted on a GE€VI East, CT)
precision rotary stage and a Newport linear stégewport
Corp., CA for fine pitch and height adjustment of the probe
- relative to the thruster channel. These manually controlled
stages are assembled on a Velmex motor-driXery linear
positioning stage(Velmex, NY), equipped with two 400
steps/rev step motors, two 40 rev/in. high precision lead
screws and two fum resolution Renishaw optical encoders
VARIAC (Renishaw, ID. This motor-driven stage is mounted on an

ON/OFF B
AC LINE
additional CVI rotary stage for a fine yaw adjustment, which

FIG. 2. Biased and emissive probe electronic circuit diagrams for measure- . .
ments in the near-anode region of Hall thrusters. is fixed on an aluminum breadboard near the thruster mount-

ing table. Probes can be introduced into the thruster through
a 2 mm wide and 11 mm long axial slot starting at 1.5 mm

which can be of the order of overall changes of the measureffom the anode, made in the outer ceramic wall of the chan-
signal. Therefore, for emissive probe measurements, theel. The motor-driven positioning stage allows probe motion
ground appears to be a better reference than the anode, usdong the slot between the inner and the outer channel walls.
like that for a single biased probe. Control of the positioning system and the signal measure-

Another source of leakage current in a probe circuit carments are performed by a National Instruments, personal
be the plasma collected by electrical connectors, whicttomputer (PC)-based, data acquisition system PCI-MIO-
couple the probe wire, the extension cable, and the electricdl6E-1 (National Instruments, TX
feedthrough mounted on a flange of a vacuum vessel. Wrap- The biased planar probe is constructed of 0.76 mm di-
ping all connectors in Teflon tape and closing the face of themeter thoriated tungsten rod, covered by a high-purity alu-
flange with the graphite foil eliminates this problem. This mina single bore tube with outer diameter of 1.3 mm and
was shown by placing a test wire with the tip stripped frominner diameter of 0.79 mrfFig. 1(b)]. The probe collecting
insulation and wrapped in Teflon tape inside the vacuum vessurface area,=0.45 mn?, is much smaller than the anode
sel. The wire was connected to the emissive probe circuitrgross-sectional area,;=7700 mn?, so the collection of
(Fig. 2) and it measured zero-floating potential at all thrusterelectrons by the probe, placed near the anode, does not affect
operating regimes. the discharge. The overall probe length is 165 mm. The tung-

Oscillations in the tens of kilohertz wave band, which sten rod is coupled to the coaxial caliiglicon coated for
are inherent to Hall thrusters, might be thought to presenvacuum compatibility through the beryllium copper inline
additional difficulties for the use of isolation amplifiers. For barrel connector. The planar tip geometry was chosen be-
example, common mode rejection limitations often becomesause, in the near-anode region, the/ characteristics of a
important in this frequency range, potentially allowing large-planar probe appear to have more distinctive electron and ion
amplitude noise to pass through the amplifiers. High-saturation than those of a cylindrical probe. The probe sheath
frequency signals applied to either or both inputs of an amexpansion and particle orbital motion are likely to account
plifier might also be converted to a spurious dc output signafor this fact!81°

EMISSIVE
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The probe is biased relative to the anode with a KEPCO E
bipolar power supply BP200-1NKepco, NY), which is pro- < - 70 E‘
grammed with a one cycle sinusoidal signal by a PC-based <8 R (t) Outer wall | g5 ]
function-generator connected through a Burr Brown isolation g TTTTTTTT1 60 é
amplifier ISO124RFig. 2). A high-voltage vacuum switch is 36 55 g
used to manually switch between 500and 100 K) shunts ‘7‘,’ =
for measurements of electron and ion parts of the ptebé D4 50 ]
characteristic, respectively. The probe currépt, and bias- % 2 Inner wall :5 §
ing voltage,Vg, are measured through Analog Devices iso- @ ' ' ' o140 @
lation amplifiers AD210AN(Analog Devices, MA. a o 30 60 90 120 150 a

The emissive probe is constructed of a 0.1 mm diameter Time, sec
thorriated tungsten wire covered by a 1.6 mm diameter and (a)

82 mm long high-purity double-bore alumina tubEig.

1(b)]. Each of the tube channels is filled with seven addi- < ld ] Z(t) E
tional 0.1 mm diameter tungsten wires in order to preventthe s -12 &
heating of the probe aside from the tip. The probe tip pro- § 8 L 10 3
trudes from the alumina tube by 1.4 mm. The probe wires are 5§ ! mm‘ I 5:
coupled to a twisted shielded pair of 16 AWG wirggith a 2 6 ‘ "WM ‘ ulul 8 £
high-temperature Teflon insulatiprihrough the beryllium > 4, frm e i ‘ 6 f,__>
copper connectors. A molybdenum tube extends the short & W | -4 8
alumina tube so that the overall probe length is 190 mm. g 2 4 . . : 2 5

Similar to Ref. 20, the filament is heated with a 60 cycle Q 0 10 20 30 40 7]
half-wave rectified sinusoidal signal, as shown schematically o

in Fig. 2. During the off half-cycles of the heating voltage, Time, sec

the voltage drop across the probe is assumed to be zero. An (b)
additional iSO_lation tran_Sformer is plgced in fr_om of the FiG. 3. Discharge current vs time characteristics Yo/=500 V and
variac for noise reduction. The floating potentials of the=5mg/s indicate no apparent change in the discharge current level and
probe legs®, ,, are measured relative to the ground throughoscillations due to the probe motion in the near-anode region of the 2 kW
isolation amplifiers AD210AN, with 1% 0 input and<1 Q Hall th_ruster.(_a) Radial insertion aZ=2_ mm. Sampling rate 10 samples/s.

. . . g b) Axial motion atR=55 mm. Sampling rate200 samples/s.
output impedance. The isolation amplifiers are employe&
here mainly to provide impedance matching between divid-
ers and the data acquisition system. The heating voltage cahruster. The biased planar probe data was acquired at the
be deduced from measured floating potentials and the heatate of 2000 samples per second for 6 s, in order to provide
ing current,ly, is measured using a 0.03 current shunt 12 sweeps of the biasing volta¢® up and 6 dowpfor each
and Encore Electronics isolation amplifier FL644-0@h-  measurement. A biased probe-V characteristic forVy
core Electronics, NYwith gain set to 5. =400 V andm=5 mg/s, smoothed over 40 points by using a
fast Fourier transform filter and corrected for dc offsets of
isolation amplifiers and voltage drop over the current shunt,
is given in Fig. 4. The measured discharge current is 4.28 A,

To test if radial probe insertion disturbs the near-anoddhe plasma potential relative to the anode is 10.3 V, the
plasma, a floating cylindrical prob@ith 0.25 mm wire di- electron temperature is 5.7 eV, and the plasma density is
ameter and 3 mm uncovered tip lengtias introduced into  4-2X10'° cm™°. The plasma potentials,,, and the electron
the channel at various thruster operating conditions, namel§aturation currentc*, were determined graphically by find-
discharge voltages/,, from 200 to 700 V and mass flow ing the kink in the electron part of a prolbeV characteris-
rates,m, from 2 to 5 mg/s. During the first experimental tic, and the electron temperaturg,, was determined by
session, the probe was inserted as deep as 20 mm into tRétting In(pr) versusVpr and finding a slope of the linear
channel at several distances from the anaie2—12 mm, part of the curvé®'® The plasma density), was then de-
and left in plasma for up to 5 min. During the second experi_duced from the electron saturation current and the electron
mental session, the probe was moved from the anode side fmperature assuming a Maxwellian electron distribution

the slot,Z=2 mm, to the cathode sidB=12 mm, at several function (EDP): n=15%(A,/T/2mm,), wherem, is the

distances from the thruster axiR=37—62 mm, i.e., from e€lectron mass. The statistical errors of the plasma potential,
sat

near the inner wall to near the outer wall. As can be seel ¢pi, and electron saturation curredt| ., were estimated
from Fig. 3, the discharge current versus time characteristicgraphically as shown in Fig. 4. The difficulty in identifying
indicate that the motion of the probe near the anode does n#fe€ linear part of the Iigg) vs Vpg curve produced the rela-
cause perturbations to the Hall thruster discharge. This lead#/e error in the electron temperature of ~8-10%. The
to the conclusion that radial probe insertion is suitable forelative error in determining the plasma density was esti-
measurements in the near-anode region of a Hall thruster. mated ase,=|(n* —n)/n|~50%, wheren is calculated
The biased and emissive probes were then used to chaabove, andn*=I1y/exp(—¢,/Te) VT/27me Ayy,) is the
acterize near-anode processes in the 2 kW laboratory Hatlensity estimated using the measured discharge cutrgnt,

IV. EXPERIMENTAL PROCEDURE
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FIG. 4. Electron(above and ion(below) parts of the biased probe-V Distance from Anode, mm

characteristidsix up-and-down sweeps of the biasing voltageeasured in ’

the near-anode region of the 2 kW Hall thruster. =400V andm (b)

=5mg/s. At the middle of a slotZ=7 mm, and channel mediarR ) ) )

=49 mm. Callout box demonstrates the method for estimation of the statisEIG' 5. Biased probe measurements in the near-anode region of th_e 2 kW

tical error of the plasma potentiah®,, and electron saturation current, Hgll thrus_ter. Results fol/q=400 V ar_]dm=5_mg/s. (@) Plasma p_otentlal

AlSat axial profile measured at sev_era_l radial locations. Anode potential equals_ to
€ zero. Shown results clearly indicate the presence of an electron-repelling

anode sheatffor which the near-anode plasma potential is higher than the

) . anode potentialpredicted theoreticallyb) Electron temperature and plasma
along with ¢,; and T, measured at 2 mm from the anode in density axial profiles measured at the channel median.

the midpoint between the channel walls. The major source of

this uncertainty is difficulty in controlling the actual collect- of the isolation amplifier. The measured discharge current is
ing surface area of the probe; this issue, however, does ngt>3 A the plasma potential relative to the anode is 6.6 V,
affect relative measurements performed with the same probgnq the electron temperature is 3.9 eV. The probe floating
The spatial resolution of the biased probe in the axial direCpotential saturated when the amplitude of the heating current
tion was estimated to be the outer probe diameter, 1.3 mmy5g greater than 5.6 A, which corresponds to the heating
since it is much greater than the estimated sheath thickneiﬁ,wer of approximately 12 W. The floating potential of the
(several Debye lengths, whexg ~0.05 mm). The effects of ot probe was averaged over 25 data points near the middle
the magnetic field and the flowing plasma are believed to bgf the off half-cycle (to ensure zero heating currgntaind
insignificant for measurements in the near-anode region of ghen averaged over 60 off half-cycles. The cold probe data
Hall thruster. . were averaged over all 6000 points to find a floating poten-
The plasma potential, electron temperature, and plasmgg|. The cathode potential and the discharge voltage were
density axial profiles obtained with the biased probeVar  measured simultaneously with the probe floating potential in

=400V andm=5 mg/s are given in Fig. 5. The error bars grder to deduce the probe potential relative to the anode.
shown in the plots of Fig. 5 were computed using the error
em
(of")

analysis described above, and are typical for all of the ex-
periments performed. The accuracy of the measurements per-
formed with the described biased probe apparatus allowed
successful identification of an electron-repelling anode
sheath(in Fig. 5, the near-anode plasma potential is higher
than the anode potentjalthe presence of which was pre-
dicted theoretically?*! The exhaustive literature search sug-
gests that this is the first experimental observation of the 270 r r . r )
electron-repelling anode sheath in Hall thrusfers:?? 02 022 024 026 028 0.3

The emissive probe data was acquired at the rate of 6000 Time, sec
samples per second for 1 s, in order to provide 60 off hal-f-F G. 6. Emissive probe floating potential vs time characteristig(t)
cycles for ?aCh meas_urement' Fllgure 6 ShOWS_ the emISSIv easured in the near-anode region of the 2 kW Hall thruster. \F;or
probe floating potential versus time characteristi§, (t),

- =300V andm=2.5 mg/s. At the middle of a slo=7 mm, and channel
for V4=300 V andm=2.5 mg/s, corrected for the dc offset median,R=49 mm. Heating current,;=6 A.

\'
N
]
X
J
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Due to a potential drop in the sheath and presheath
formed between the probe surface and the plasma, saturated
floating potential of the emissive probe appears to be smaller
than the plasma potential. Following Schwafjawe can es-
timate the true plasma potentiab,, for xenon plasma as:
ep~ g+ 1.5 Te, whereT, is the electron temperature. As-
suming Maxwellian EDF we can dedudg using a classical
expression for the difference between the plasma potential
and the floating potential of a cold probaﬁ', which for
xenon plasma becomeazﬁ'=<pp|—5.77~Te. The final ex- _ _ _ o
pression forep, using measuredy" and (p?ll can be then thG. 7. Corrsctlontto;hle floﬁln?dp;otgentlal of the emissive probe: Shape of
obtained asip,~1.35 @i " 0.35 of. © nearprobe pofential profie o

The standard deviation of the measured plasma potential

was estimated as”'=1.35 ¢°™+0.35 o¢, whereg®™and  Je =0-4 Alcnt, which is typical for the near-anode plasma

o are the standard deviations of the floating potentials medD the 2 kW Hall thruster, we can finally deduca*
sured with the hot and the cold probes, respectively. TheIn(5.8 Tp) - T,/5800-2.63, where Ty, is in Kelvin.
assumption of the Maxwellian EDF introduces an additional* ¢* (Tp) can also be approximated with a linear function:
uncertainty in the determination of the electron temperaturd ¢* ~ Tp/560-2.97. ForT,,=2000 K andT.=5eV, we
(and, therefore, the plasma potentiakhich is difficult to ~ haveAe*/(1.5T¢/e)=8%.

estimate. The standard deviation of the plasma potential

measured with the emissive probe was similar to the esti-‘A. I. Morozov and V. V. Savelyev, irReviews of Plasma Physjosdited
mated error of the plasma potential measured with the biased? B- B- Kadomtsev and V. D. Shafranékluwer, Dordrecht, 2000 Vol.
probe, and in all of the experiments was less than or of thexs | morozov, Y. V. Esinchuk, G. N. Tilinin, A. V. Trofimov, Y. A. Sharov,
order of 1 V. Measurements with the emissive probe in the and G. Y. Shchepkin, Sov. Phys. Tech. PHy&. 38 (1972.

near-anode region of the 2 kW laboratory Hall thruster aIsojA- M. Bishaev and V. Kim, Sov. Phys. Tech. Ph3, 1055(1978.
indicated the presence of the electron-repelling anode sheath®: Gueini; € Michaut, M. Dudeck, A. N. Vesselovzorov, and M. Bacal,

. . Proceedings of the 25th International Electric Propulsion Conference
thus corroborating the results of the biased probe measure-gectric Rocket Propulsion Society, Cleveland, OH, 199EPC Paper
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