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Anode geometry influence on LaBg cathode discharge characteristics
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YCNRS, ICARE, UPR 3021, 1C av. de la Recherche Scientifique, CS 50060, F-45071, Orléans cedex 2,

France

(Dated: 11 September 2019)

The characterization of electric propulsion device cathode is performed in so-called diode configuration with
an external anode. The anode acts as a physical boundary for the cathode plasma discharge, therefore it
influences cathode operation and performances. In this study, four different anodes — namely a disk, a plate,
a long and a short cylinder — have been used with a flat disk LaBg emitter 5 A-class cathode to examine
the anode geometry impact on cathode discharge properties. Current-voltage curves, discharge oscillations,
electron parameters and ion velocities have been measured for currents in the 2 A to 12 A range and xenon
mass flow rates varied from 0.4mg/s to 1mg/s with a fixed cathode-to-anode distance. The set of results
clearly supports the fact that the anode geometry strongly influences the cathode characteristics both at the

macroscopic and the microscopic scale.

I. INTRODUCTION

Electron sources are key components for electrostatic
thrusters such as gridded ion engines, FEEP thrusters
and Hall thrusters'. For the first two devices, elec-
trons solely serve for ion beam neutralization, therefore
avoiding spacecraft charging and allowing for high per-
formances and low beam divergence angle. In the case
of Hall thrusters, a large fraction of electrons provided
by the external source neutralizes the ion beam and the
remaining part compensates for losses in the magnetized
plasma discharges, therefore allowing for high efficiency
and stable operation.

In the electric propulsion field, electron sources are
termed neutralizers or cathodes. The source rests upon
thermionic emission of electrons by a hot element often
called the insert or emitter. Various materials can be
used for insert, from refractory metals, such as tung-
sten, tantalum or molybdenum, to more complex ce-
ramic materials, such as lanthanum hexaboride (LaBg),
cerium hexaboride (CeBg) and porous tungsten impreg-
nated with barium oxide (BaO-W) or calcium aluminate
electride (C12A7:e7) to only name a few>?>.

As the cathode is a critical element for many electric
propulsion devices, it requires optimization in terms of
power and propellant consumption, as well as accurate
characterization in terms of current—voltage curves, os-
cillation level and discharge mode before being coupled
to a thruster?. For the investigation of a cathode in stan-
dalone configuration, i.e. without thruster, an external
anode is needed to close the electrical circuit. The anode
must in fact be seen as a physical boundary condition
for the cathode plasma discharge. As a direct conse-
quence, the anode position, surface and shape are pa-
rameters that govern to a certain extent the cathode dis-
charge properties and behavior due to their impact on
the current density balance and electric field topology.
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We recently carried out works on the influence of the
cathode—anode distance upon cathode characteristics®.
In this contribution, we highlight the issue of anode ge-
ometry influence on cathode discharge characteristics, as
the latter is poorly documented in the open literature® 7.

For this purpose a xenon-fed 5 A-class LaBg cathode
has been tested in the so-called diode configuration with
four different anode types in the 2A — 12 A discharge
current range. In spite of a relatively large work function
around 2.6eV, see Ref. 2 and references herein, LaBg
stays a rational choice as emitter due to its low evapora-
tion rate and robustness to impurity poisoning and water
vapors. We first examined the macroscopic properties of
the cathode plasma for xenon mass flow rates between
0.4mg/s and 1mg/s. The current-voltage curves of the
cathode have been recorded using electrical probes. The
plasma discharge mode, i.e. spot mode versus plume
mode, has been visually inspected and identified accord-
ing to the discharge current oscillation level®?. Sec-
ondly, microscopic plasma properties have been investi-
gated downstream of the cathode orifice. Singly-charged
xenon ion velocity has been measured by means of near-
infrared Laser-Induced Fluorescence (LIF) spectroscopy
along the cathode axis. Electron temperature and den-
sity as well as plasma potential have been determined
using a single Langmuir probe for several axial positions.
Even though various anode geometries have been inves-
tigated in previous works, studies were independent with
one anode type each time but in a few works® 7, which
makes comparisons and general conclusions difficult. The
originality of this study lies is that here four different
anode geometries are investigated with a single cathode
and a fixed cathode-to-anode gap using the same vac-
uum chamber, identical power supply and gas feeding
system and the same set of diagnostics tools. Moreover,
the combination of LIF spectroscopy and Langmuir probe
measurements is quite unique for cathode study.

All experimental results and related interpretations are
presented and discussed in this article after a detailed
description of experimental setup and measurement pro-
cedures.



Il. EXPERIMENTAL ARRANGEMENT
A. Vacuum chamber

Experiments have been carried out in NEXET (New
Experiments on Electric Thrusters) vacuum chamber.
The NExXET chamber is a 0.8m in diameter and 1.8
m in length stainless steel cylinder with grounded walls
fit with dry, cryogenic and turbomolecular pumps. A
pumping speed of about 80001/s can be achieved with
a typical surface temperature around 35 K. During mea-
surements the background pressure varied between 1 and
4x10~° mbar depending on the xenon mass flow rate and
the input power. In order to absorb a large fraction of the
ion beam energy, water-cooled graphite tiles are placed at
the back of the chamber, thus limiting the thermal load
on the cryogenic surface. The chamber can be easily ac-
cessed via a 0.8 m in diameter door located at the front
of the chamber. The vacuum chamber is equipped with
several power, gas and plasma diagnostic feedthroughs as
well as observation windows that provide view access to
the interior.

B. Cathode and anodes

The cathode used in this work is a laboratory model
5 A-class cathode with a flat disk shape LaBg insert
heated by a tungsten filament. Although flat emitters
are less common than cylindrical ones, such a geometry
has been used by various groups in the past, mostly for
fundamental works*10-14 Only a brief description of the
cathode is given here. More details about the cathode
architecture and operation can be found in reference!!.

The LaBg insert is 8 mm in diameter and 2mm thick.
It is held in place by a molybdenum holder with a 6 mm
in diameter aperture. Heating is ensured by a coiled
tungsten filament located underneath the insert. Radia-
tive losses are minimized thanks to a molybdenum screen
which surrounds the filament-holder-insert assembly. As
the required cathode lifetime is typically below 200 hours
for such studies, no diffusion barrier was added between
the insert and the Mo parts'®. The cathode external
body is a stainless steel cylinder with a 25 mm-diameter
a 95 mm-length. The cathode orifice is 3 mm in diameter
with a 1/3 aspect ratio, i.e. length to diameter ratio.
A 0.1 mm thick pyrolytic graphite foil is placed between
the orifice plate and the external body to warrant good
sealing.

Xenon is supplied through a gas feeding line mounted
to the external body. Cathode discharge ignition is here
achieved using a positively biased external igniter placed
4mm in front of the orifice. The cathode could be op-
erated in self-sustained mode, that means neither exter-
nal heating nor keeper current is applied after ignition,
throughout the entire discharge current range spanned in
this work. A schematic of the cathode along with elec-
trical connections is shown in Fig. 1.
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FIG. 1. Schematic of the cathode and simplified diagram
showing electrical connections as well as main currents and
voltages.

The cathode was tested in diode configuration with
four different external anodes made of non-magnetic
stainless steel. Two geometries have been selected: pla-
nar and cylindrical. They are the most common geome-
tries for cathode discharge characterization in the electric
propulsion field'®'8. Two anodes have a planar geom-
etry: one is a plate while the other one is a disk. The
surface area ratio between the two anodes is about 4.3.
Two anodes have a cylindrical geometry: one is a long
cylinder while the other is a short cylinder. The two
cylinders have the same diameter but a different length.
Their surface areas correspond to the ones of the pla-
nar anodes. The main characteristics of the anodes as
well as the cathode discharge conditions are summarized
in Table I. Figure 2 illustrates the four anode geometry.
During experiments, the anode was always located 20 mm
away from the cathode exit plane (orifice). Besides, cath-
ode and anode axis were aligned but for the plate. In the
latter case the cathode axis was aligned with the hole
center, see Fig. 2. Notice the flat anode was previously
used for characterization of our cathode!'! and the disk
anode was used in a study about the cathode to anode
gap impact?.

During envelope examination the chamber background
pressure varied between 1.8 and 6.2x107° mbar, as dis-
played in Table II. During the Langmuir probe mea-
surements, the background pressure was 3x10~° mbar
at a Xe mass flow rate of 0.6 mg/s, while during the
LIF measurements the pressure varied between 2 and
4.4x1075 mbar.



TABLE I. Anode geometry and cathode discharge conditions.

Discharge current (A) Mass flow rate (mg/s)

2-12
step of 2

04-1
step of 0.2

Geometry type Anode Surface area (cm?)
Planar Plate 411.3
Disk 95
Cylindrical Long cylinder 411.3
Short cylinder 95
Plate
E Disk
é§
n’\
&
E
-
180 mm
Long cylinder Short cylinder
117.6 mm

27.8 mm
-

FIG. 2. Schematics of the four anodes used in diode configu-
ration with the cathode.

TABLE II. Vacuum chamber background pressure. The Xe
mass flow rate varies from 0.4 to 1 mg/s.

Anode Pressure (x10~° mbar)
Plate 1.8 -6.1
Disk 2.8 -5.7
Long cylinder 1.8-54
Short cylinder 2.3-6.2

C. Electrical measurements

A layout of electrical connections is depicted in Fig. 1.
The circuit of the cathode heater was connected to a
40 V-25 A power supply during the cathode heating se-
quence. The cathode-anode discharge was maintained
by a 200V-70 A (5kW) power supply. The external ig-
niter was connected to the same supply through a switch.
The cathode external body was kept floating during all
experiments. Several electrical probes were used in or-
der to measure the cathode discharge electrical param-
eters. The anode voltage was measured using a Tek-
tronix P6139A voltage probe while the discharge (an-

ode) current was monitored using a Tektronix TCP202
current probe. The two instruments were connected to a
Tektronix TDS5104 digital oscilloscope (1 GHz, 5 GS/s).
Waveforms have been sampled at 1 MHz. This frequency
is high enough to allow visualization of the main oscil-
lating phenomena that the discharge current and voltage
may exhibit during cathode operation, see Ref. 11 and
references herein.

D. Working procedure

Before igniting the cathode—anode discharge, the LaBg
emitter has to be heated to facilitate electron emission.
The procedure is the following. The filament heating
current Ij is slowly ramped up to 16 A. At that point
the heating circuit potential V}, typically reaches about
14.5V. The heating power delivered to the LaBg insert is
therefore of about 230 W. After ignition of the discharge,
the heating power is switched-off and the cathode oper-
ates in self-heating mode during measurements.

All experiments are conducted with the main discharge
power supply working in a current regulated configura-
tion. For each value of the discharge current I, the
xenon mass flow rate is increased from 0.4 mg/s to 1 mg/s
with a 0.2mg/s step size, while the anode potential V,
is recorded. Here V, is the potential difference between
the anode and the insert. After each change in Xe mass
flow rate or in discharge current, the cathode is operated
during 600s before any traces are recorded in order to
warrant steady state operation of the cathode discharge.

E. Uncertainty analysis

Experimental data includes both systematic and ran-
dom uncertainties. =~ The measurement uncertainties
are here estimated according to Abernethy et al.'®
and the error propagation law proposed by Kline and
McClintock?® is used. The systematic uncertainties in-
clude accuracy, stability, sensitivity, resolution, measure-
ment error and linearization. The random uncertainty
corresponds to the standard deviation of the experimen-
tal measurements. The general expression of the total
uncertainty AR of an experimental quantity R, whichis a
function of several variables (Yl,fg, o X J), calculated
in considering a confidence interval of 95% is defined as
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where AY? is the k-th type of systematic uncertainty of
the i-th variable, tg5 is the quantile of a two-tailed Stu-
dent’s t-distribution with a confidence interval of 95%,
and X, sq is the standard deviation (unbiased estima-
tor) of the i-th variable. When measurement of R is re-
peated N times, to5 is divided by N'/2 and the standard
deviation of the N measurements is considered instead
of X sta®'. In this work, error bars shown in I-V plots
represent the total uncertainty calculated with Eq. (1).

The total uncertainty of the discharge current/anode
potential, see section III, takes into account sources of
measurement uncertainty found in manufacturer data
sheets: power supply accuracy (0.2% / 0.1%) and reg-
ulation (0.2% / 0.07%), probe accuracy (3% / 0.5%) and
sensitivity (40 mA / na), oscilloscope resolution (8 bits)
and accuracy (1.5%).

The total uncertainty in position for LIF and Lang-
muir probe measurements, see section IV, takes into ac-
count accuracy (18 um), repeatability (5pum) and back-
lash (30 um) of the translation stage, estimated uncer-
tainty due to positioning of Langmuir probe and LIF
collection optics (0.1 mm) as well as spatial resolution of
the Langmuir probe (2mm) and the LIF setup (200 pm).
Errors in LIF and Langmuir probe signals are discussed
in section IV.

1ll. CATHODE DISCHARGE CHARACTERISTICS
A. Operating envelopes

The evolution of the anode potential as a function of
discharge current is presented in Fig. 3 for the four an-
ode geometries and for various xenon mass flow rates.
When no data point is shown, either the plasma dis-
charge was too unstable or the applied power limitation
was reached. As a general tendency, the anode poten-
tial decreases when the gas mass flow rate is increased
whatever the geometry, as expected??. The short cylin-
drical anode gives the highest potential, especially at low
mass flow rates. The three other anodes, i.e. plate, disk
and long cylinder, exhibit roughly the same discharge
characteristics and trends. In brief, a reduction in the
anode potential is observed as the discharge current is in-
creased, as described in other works??, which exemplifies
a decrease in the plasma electrical resistance. Moreover,
the difference in anode potential between the various de-
signs increases with the increase in mass flow rate for
a discharge current above 6 A. The negative discharge

impedance, i.e. reduction in anode potential with in-
crease in discharge current, can be explained by a de-
crease in the emitter sheath potential, as explained in
Ref.?*. The consequence is a higher ion energy flux de-
livered to the emitter wall, which permits the increase
in thermionic emission needed for the higher discharge
current imposed.

For the majority of tested points, the measured differ-
ence in anode potential is higher than the standard devia-
tion, which indicates that the anode geometry influences
the discharge characteristics. The short cylindrical an-
ode has in particular the largest potential whatever the
mass flow rate. The lowest potential is obtained with the
plate-shape anode for most cases above 6 A. For the three
other geometries, the situation depends on the discharge
current but the gap in potential is moderate. As can be
seen in Fig. 3, two domains can be distinguished, below
and above 8 A. Interestingly, the overall results show that
the shape of the anode has a strongest impact than the
surface area.

The discharge electrical resistance, i.e. ratio of the
anode voltage to the discharge current, decreases with
the discharge current up to 8 A for all cases. This fall
is followed by a relatively constant discharge electrical
resistance, as the current is further increased. The short
cylindrical anode displays the highest discharge electrical
resistances for the entire range of discharge current.

An example of cathode discharge current power spec-
trum is shown in Fig. 4 for the plate anode. When an-
alyzing power spectra, one finds that plasma discharges,
when the cathode operates in plume mode, are character-
ized by frequencies of the fundamental peak in the range
20 to 80 kHz whatever the geometry. This is in agreement
with previous results®''. Moreover, the fundamental fre-
quency seems to increase with the discharge current, the
spectra becoming more energetic, and to decrease when
the mass flow rate is increased. This behavior was pre-
viously reported in the literature'®?2%:26, This range of
discharge current frequencies in power spectra suggests
the existence of ionization-like instabilities in the cathode
plume?6-29,

B. Discharge modes

Cathode discharge modes and mode transition are de-
scribed by several theories®?3°. One of them suggests
that when the passive current to the anode, i.e. the
steady state thermal electron current, is not sufficient to
sustain the desired discharge current, electron attract-
ing sheaths form at the anode location and increase the
collected current3”. This usually happens at low mass
flow rates or low discharge current. The low plasma
density in the cathode plume at low mass flow rates or
low discharge current cannot generate the necessary ther-
mal electron current and a constricted attachment of the
cathode plasma plume to the anode is observed? 3132, Vi-
sually, the cathode plasma plume in spot mode presents
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FIG. 3. Anode potential V, against discharge current I, for
varied from 0.4 mg/s up to 1 mg/s.

a bright, spot-like structure ahead of the cathode orifice
with a blue coloring due to the high density of xenon
ions?. Fast electrons produced by the cathode in this op-
erating regime induce ionization and excitation of neutral
atoms near the cathode exit plane, while the rest of the
cathode—anode space remains dark®®. In contrast, when
in plume mode, the cathode displays a bright high diver-
gence plasma plume that extends far downstream?. The
plume is purple, a color that characterizes the presence
of a large amount of excited xenon atoms instead of ions.
Tonization and excitation events occur predominantly in
the far field plume owing to fast electrons escaping the
sheath formed in front of the orifice®®. High temporal
fluctuations of the anode potential are observed in plume
mode'!.

A common criterion to distinguish between the spot
and plume mode operation relies on the discharge cur-
rent oscillation level. Spot mode operation is associated
with a ratio between the discharge current standard de-
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the various anode geometries when the xenon mass flow rate is

viation I stq and the discharge current mean value I
below 9%. Ratios above this threshold indicate plume
mode discharges®®. Figure 5 depicts the cathode dis-
charge modes observed with the four anodes according

to the aforementioned criterion.

As can be seen in Fig. 5a, planar anodes operates in
spot mode for discharge currents below 6 A with weak
fluctuation level of electrical parameters, typically below
2% of the mean value. However, in spot mode the anode
potential in large. The plume mode is observed for high
discharge currents. The spot to plume transition occurs
at Iy = 6 A. At this current, the cathode is in plume
mode for mass flow rates < 0.6mg/s and in spot mode
for mass flow rates > 0.6 mg/s.

For low mass flow rates (0.4 and 0.6 sccm), the disk-
shape anode runs in spot mode for discharge currents
< 8A and in plume mode above 8 A. For larger mass
flow rates the cathode runs in spot mode over the entire
range of discharge current. Discharge current oscillations
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FIG. 5. Cathode discharge mode map for a) planar anodes
and b) cylindrical anodes. The xenon mass flow rate ranges
between 0.4 mg/s and 1 mg/s.

are below 2 % and of about 10 % in spot and plume mode,
respectively.

Fig. 5b depicts the results for cylindrical anodes. The
long cylindrical anode behavior is quite similar to the
plate. For I; below 6 A, the cathode is in spot mode with
fluctuations lower than 5%. However, in spot mode the
anode potential for the long cylinder is lower than the one
of the plate. As the discharge current is ramped up, the
cathode transitions to plume mode with I 4/ ratios
between 10 % and 40 %. In like manner, at I; = 6 A the
cathode is in plume mode at low mass flow rates and in
spot mode at large mass flow rates.

The short cylindrical anode operates only in plume
mode, see Fig. 5b, with an average anode potential of
80 V. Fluctuations of electrical parameters range between
20 % and 36 %. They increase with the discharge current
and decrease with the mass flow rate.

To summarize, depending on both the anode geometry
and the operating parameters, the cathode can operate
either in spot mode or in plume mode:

(i) spot mode at low discharge current: Usually the an-
ode potential is high and it diminishes with the in-
crease in mass flow rate or the increase in discharge
current.

(ii) plume mode at high discharge current: Usually the
anode potential is low; the only exception is the
short cylindrical anode where high anode poten-
tials are recorded in plume mode at high discharge
current. This mode has been previously observed
at low mass flow rates and denoted as “diffuse
mode” 25,

(iii) spot mode at high discharge current. Classic case
according to the literature3’. The anode potential
is low. It is the case of the disk at high mass flow
rates;

(iv) plume mode at low discharge current: Classic case
according to the literature®’. The anode potential
is high.

It is worth adding that visual inspection reveals a
plasma plume shape and luminosity quite different from
the standard description?®3°. In spot mode, instead
of a single, bright, spot-like structure in front of the
cathode orifice, the external plasma discharge is spread
out and diffusely attached to the anode. In plume
mode, the plasma plume is strongly divergent and dis-
tinctively composed of a bright region at the cathode
exit plane and a less bright, more diffuse region attached
to the anode. The two regions are separated by a dark
space!1118:25:34.35 ' The dark space size and position with
respect to the cathode orifice change when the mass flow
rate increases or the discharge current varies. Those par-
ticular features of the cathode discharge plume have been
previously presented and discussed?.



IV. 10N AND ELECTRON PROPERTIES
A. Diagnostics

The singly-charged Xet ion Velocity Distribution

Function (VDF) has been measured along the cathode
axis downstream the orifice by means of Laser-Induced
Fluorescence (LIF) spectroscopy for several cathode-
anode configurations. The enclined reader can find in-
formation about LIF principle, associated optical train
and data analysis in Refs. 36 and 37. Only a brief de-
scription of the setup is given here.
The 5d4F7/2 — 6p2Dg/2 transition of metastable Xe™
ions at 834.7nm is excited by a continuous infrared nar-
rowband laser beam. A 50 ym diameter optical fiber car-
ries the ligth into the vacuum chamber. A Fabry-Pérot
interferometer and a high finesse wavemeter are used to
verify the mode quality and measure the wavelength, re-
spectively. The uncertainty in velocity is here around
+60m/s*®. The fluorescence radiation is collected by a
lens that focuses light into a 200 pum diameter optical
fiber. The light is then transferred to a monochromator
tuned to the 541.9 nm fluorescence wavelength. A pho-
tomultiplier tube and a lock-in amplifier set at the beam
modulation frequency provide the final signal.

The entire cathode-anode assembly was installed on
a remotely controlled linear translation stage to permit
spatially resolved measurements. To avoid formation of
“ghost” VDF due to laser beam reflection®, the cathode
was tilted upwards at a 13° angle with respect to the
anode axis.

A cylindrical single Langmuir probe was used to de-
termine the electron properties in the cathode plume on
the axis*3%40, The probe collection part is a 0.15mm
in diameter and 2mm in length tungsten wire. The rest
of the wire was insulated from the plasma by a 100 mm
long and 1.5mm in diameter alumina tube. The volt-
age sweep and the resulting probe current measurement
were performed using an automatic system (Impedans
ALP System). The probe was mounted onto an =z — y
translation stage to locate the tip at the desired location
in the cathode plume, as depicted in Fig. 6. For all mea-
surements the probe tip was parallel to the plasma flow.

B. LIF spectroscopy results

Due to the presence of several abundant xenon isotope,
recorded fluorescence lineshapes do not correspond to the
real ion VDF36:37, However, the Doppler shift of the line-
shape indicates the ion velocity and the width provides
information on the ion temperature in the direction of
interrogation. As the laser beam does not propagate ex-
actly on the cathode axis, the measured magnitude of the
ion axial velocity is slightly underestimated in this work.
The area of the lineshape gives the relative density of

b)

Translation stage

Langmuir probe

Cathode

g |

20 mm

Vacuum

Lon linder
chamber 8y

Probed locations
Plate

FIG. 6. Schematic of the Langmuir probe setup in the case
of a) the long cylinder and b) the plate.

xenon ions in the probed metastable state. Note that
raw lineshapes have been smoothed using a fourth order
Butterworth filter and a moving average Savitzky-Golay
filter prior to analysis.

The Xet ion VDF has been studied with the plate-
shape and the long cylindrical anodes. The two con-
figurations were set in spot mode at 4 A and 0.6 mg/s.
Additional LIF results were obtained with the plate in
plume mode at 10 A and 0.6 mg/s.

Figure 7a shows the evolution of the normalized ion
VDF as a function of the axial position using the plate
as anode with a discharge in spot mode. The anode po-
tential was 46V and current fluctuations were around
1.4 %. Contrary to what was observed in the past with a
similar hollow cathode*!, several ion groups can clearly
be distinguished in Fig. 7a. The group with the largest
population has a positive mean velocity that means ions
move towards the anode. The velocity does not change
much with the distance to the cathode orifice. The tem-
perature of the dominant group slightly decreases when
moving downstream of the cathode exit plane. Below
x = 4mm a non-negligible fraction of the ion population
flows towards the cathode as a significant peak with a
negative velocity can be seen in Fig. 7a.

Figure 7b shows the ion VDF for several positions in
the case of the long cylindrical anode with a discharge
in spot mode. The anode potential was 50V and the
current oscillation level reached about 2.5%. The VDF
is here composed of either a single peak or two peaks
like at x = 1,3,4 and 5mm. Whatever the shape of the
distribution, one can distinguish ions with positive veloc-
ities and ions with negative velocities. The mean velocity
of the group of ions that flow towards the cathode does
not vary much with the position, as with the plate an-
ode. Its magnitude is -0.8 km/s for the plate and it is
around -1.5km/s for the long cylinder. Contrary to the
plate anode case, the mean positive velocity increases fast
when the distance to the cathode orifice increases and its
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FIG. 7. Ton VDF for various positions in the cathode-to-anode
gap (z = 0 refers to the cathode orifice) for a) the plate in
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value is larger, 3km/s against 1km/s. The most striking
difference between the two configurations is the velocity
spread, as can be seen in Fig. 7a and 7b. The width
of the VDF is much larger with the cylindrical anode.
Moreover, after a drop over the first 4mm, the width
increases until x = 8 mm, which suggests an increase in
the ion temperature as one nears the anode. A similar
trend has already been found in experiments and simu-
lations with a high-current hollow cathode coupled to a
cylindrical anode*?#*. The increase in temperature was
then explained through the presence of ion acoustic tur-
bulence (IAT). Since the discharge current is low in our
study (under 12 A), it is unlikely that IAT would be the
main mechanism for ion heating. The broadening of the
ion VDF's might originate from the relatively high level of
discharge current fluctuations with the cylindrical anode
(2.5%) compared to the planar anode (1.4%). Tempo-
ral fluctuations of the VDF translate into a broad dis-
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FIG. 8. Most probable velocity a) and distribution width b)
of the main ion group against the cathode-to-anode distance
for two anode geometries. The discharge works in spot mode
for both anodes.

tribution when performing time-averaged LIF measure-
ments, hence an apparent heating. The presence of ions
with negative velocities, however, is real. It cannot be
the consequence of temporal average. Negative velocities
certainly reveal fluctuations of the local plasma poten-
tial. Noticed that for cylindrical anodes ions could have
a large radial velocity component, especially in the vicin-
ity of the anode as the collecting surface is further away
from the discharge centerline compared to planar anode
case. Here the LIF setup was used to solely interrogate
the axial velocity component so no information is avail-
able in the radial direction.

The most probable velocity of the main ion group of
the distribution, i.e. the peak with the largest popula-
tion, is depicted in Fig. 8a for the plate and long cylinder
with a discharge in spot mode. Firstly, the most probable
velocity is positive whatever the location and configura-
tion, in agreement with previous works on a 5 A-class
hollow cathode*'. Secondly, the velocity is almost con-
stant for the plate anode whereas it increases towards
the anode for the long cylinder. Thirdly, the velocity
is larger with the cylindrical anode. At x = 8 mm, the
velocity reaches ~ 3km/s and ~ 1km/s for the cylin-
der and the plate, respectively. Finally, the width of the
main VDF is larger with the long cylinder as can be seen
in Fig. 8b. The width corresponds here to the full-width
at half maximum of the main peak. LIF measurements
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carried out in the plume of a hollow cathode fired at 6 A
(0.4 mg/s xenon) with a 63.5 mm cylindrical anode placed
2 mm downstream of the cathode exit plane revealed ion
velocities up to 4.5km/s*. Results are in the range of
velocities found in this study for the long cylindrical an-
ode.

In order to examine the impact of discharge fluctua-
tions on the LIF lineshapes, the cathode was operated in
plume mode with the plate anode at a discharge current
of 10 A and a Xe mass flow rate of 0.6 mg/s. Discharge
current fluctuations reach about 13 % of the mean value,
while the anode potential is 39 V. The corresponding ion
VDFs are presented in Fig. 7c. Ton velocities spread over
a very broad range compared to the spot mode. In partic-
ular ions with high negative velocities, therefore moving
towards the cathode, are present: velocities reach up to -
5.5km/s in plume mode against -2.5km/s in spot mode.
The mean velocity of the main ion group, however re-
mains positive.

The change in velocity and dispersion with the dis-
tance from the cathode orifice are shown in Fig. 9a and
9b for the two modes. The most probable velocity of
the dominant ion group is not impacted by the discharge
regime. The velocity increases slightly in the first mm be-
fore decreasing to about 1km/s. The width of the main
peak is much larger in plume mode at locations greater
than 4 mm downstream the cathode orifice, which indi-

cates a larger ion temperature as noticed by Williams and
co-workers*'. Plume mode is known to exhibit higher
plasma densities in the cathode-to-anode region and this
is supported by the measured broader ion VDFs. More-
over, plume mode operation is characterized by the emer-
gence of ionization-like instabilities and TAT, previously
described and characterized by several teams*>%°. In our
case, the discharge current for the plume mode is rela-
tively low for IAT to be present. Nevertheless, the exis-
tence of coherent, ionization-like instabilities is a mech-
anism that can explain, by its own, the increase in ion
temperature for the plume mode case compared to the
spot mode.

Ton production and acceleration mechanisms are likely
identical whatever the anode geometries and discharge
regimes. Slow ions can originate from ionization
or charge-exchange collision events as suggested by
Williams et al.*2. The origin of fast ions with kinetic en-
ergies up to ~ 20eV traveling in the two directions and
hot ions with temperature around 2 eV remains unclear.
The creation of a potential hill downstream of the cath-
ode orifice has been proposed?!. Some authors suggested
the effect of a Lorentz force due to the self-induced mag-
netic field*S. But it certainly has a negligible impact with
our mass flow rate and current. IAT*%%5 is another pos-
sibility. Finally, the neutral gas pressure can also impact
ion properties. A cylindrical anode geometry constricts
less the neutral flow downstream of the cathode orifice,
therefore the neutral density can be lower compared to
a planar anode. A low neutral density impacts charge-
exchange, ionization, excitation and recombination col-
lision events in the cathode plume, which influences ion
energy. Lower collision probabilities lead to larger tem-
perature and velocity, what is obserbed for the cylindrical
anode in Fig. 8.

C. Langmuir probe results

The current—voltage traces of the Langmuir probe have
been recorded using an automatic system (Impedans
ALP System). The plasma potential V,, corresponds to
the maximum of the I-V curve first derivative. The elec-
tron current was obtained after subtracting the ion cur-
rent from the total probe current. The electron energy
distribution function (EEDF) was determined from the
electron current trace second derivative taken between
floating and plasma potential®?*47 59, The electron den-
sity n. is given by the zero order moment of the EEDF
and the electron temperature T, is inferred from the sec-
ond order moment.

Assessment of the error bars for n. and T, is a rather
complicated task®'. Uncertainties depend on probe ge-
ometry, probe theory, acquisition system, measurement
procedure and data treatment. In this work, the accu-
racy of the plasma potential is estimated to be around
10% from a statistical analysis®>. In the remainder of
this section a relative uncertainty of 4+50% and £30%
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FIG. 10. Electron density a) and temperature b) against the
cathode-to-anode distance for two anode geometries. The dis-
charge is in spot mode.

is considered for the electron density and temperature,
respectively®3.

Langmuir probe measurements have been carried out
with the plate and the long cylindrical anode at 4 A with
a Xe mass flow rate of 0.6 mg/s. The cathode discharge
was in spot mode in the two cases. The development
of the electron density along the cathode center-line is
displayed in Fig. 10a. Electron number density varies
from 4 x 10" m™3 at the cathode exit plane down to
5x 10 m~2 at 40 mm downstream of the cathode orifice.
Differences are noticed between the planar anode and the
cylindrical anode especially in the first 10 mm. The den-
sity is higher for the plate anode. A geometry-induced
constriction effect within the cathode-anode space could
explain this result. Downstream of x = 20mm, i.e. an-
ode edge, the plasma density seems independent of the
anode geometry.

The profile of the electron temperature T, along the
cathode axis is depicted in Fig. 10b for the two anodes.
The trend is similar for the two anodes. A steep drop
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in electron temperature is observed over the first 5 mm
of the plume, from around 3eV to less than 1eV. The
decrease in both the electron density and temperature
downstream of the cathode orifice is due to expansion of
the plasma into a low pressure medium. In other words,
the decrease is purely a geometrical effect®®. Within the
region between b5mm and 15mm 7, remains constant,
with a value around 0.7eV for the two anode geometries.
Downstream of 15 mm from the cathode orifice, the tem-
perature increases slowly even in the far downstream re-
gion. It reaches about 1eV at the anode border, i.e.
20 mm, for the two configurations whereas the electron
density still diminishes. For the long cylindrical anode,
T, increases very slowly downstream the anode edge. The
increase is more pronounced for the plate anode as can
be seen in Fig. 10b. The increase in temperature down-
stream of 20 mm from the cathode orifice might have too
distinct origins. The first one is collisions with atoms of
the background gas. The gas pressure can be relatively
large in the downstream region as the anode acts as an
obstacle for the gas flow. The second one is the existence
of an electric field. In that case the field topology and
magnitude would be different for the two anode geome-
tries. However, as the plasma potential remains flat in
the anode region, see next paragraph, the electric field,
if any, is weak. Pressure effect is then the preferred ex-
planation for the temperature increase.

Figure 11 shows the plasma potential V}, as a function
of the cathode-to-anode distance. The plasma potential
stays relatively constant in the covered domain but in
the first 3mm where a small decrease is observed as the
consequence of plasma expansion. The plasma poten-
tial is lower for the long cylindrical anode, around 30 V.
With the plate anode the potential reaches about 35V
on the average. The difference is in agreement with the
anode potential, see Fig. 3. With the plate anode, the
anode potential stabilized around 46V, while with the
long cylindrical anode the potential stabilized around
30.5V. For the cylinder case, the plasma potential de-
creases by about 3 eV over the first 10 mm as shown in
Fig. 11, which corresponds to a xenon ion velocity of 2.1
km /s assuming a collisionless medium. This number is in
agreement with the measured ion acceleration. On the
contrary, a rather constant plasma potential was mea-
sured for the plate anode and the increase in ion peak
velocity is weak.

In a preceding study with a xenon-fed hollow cathode
performed with two different anode geometries, a cylinder
and a disk respectively, Qin and co-workers shown that
the plasma potential was larger in the case of the cylin-
drical anode under identical operating conditions®. They
also found a decreasing electron density within a small
gap for the two anode geometries. Although plasma pa-
rameters obtained by Qin et al. differ from ours, their
study clearly indicates that both the anode geometry
and the cathode-to-anode distance influence the cathode
functioning, in agreement with outcomes of this study
and a previous one?.
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V. DISCUSSION

In diode configuration, once the discharge is estab-
lished, the current density at the cathode emitter j. can
be seen as the algebraic sum of several current densities®®,
namely

14

Aemission

je = :.71+jem _jtha (2)
where Acpission 18 the emission surface area, j; is the
ion current density collected at the emitter surface, jem,
is the electron thermionic current density and jg is the
electron thermal flux. Both ion current and electron ther-
mal flux originate from the cathode and orifice plasma.
The electron thermionic current density is a function of
the sheath potential @, due to the Schottky effect in-
cluded into the Richardson-Dushman law. The sheath
potential at the emitter surface changes with the local
plasma properties, i.e. with the Debye length Ap, and
the plasma potential V),

Vo

Dy = .
® TEQAD

3)

At the anode surface two cases must be considered.
When the anode potential V; is lower than V,, an elec-
tron repelling sheath is formed and the cathode plume
exhibits a diffuse attachment to the anode surface. The
cathode then operates in spot mode32. Under those con-
ditions, the current density balance at the anode j, is®!

14

o Ad h— . 7 4
Acollection It Ji Jem ( )

ja:

where A oljection 18 the current collection surface area at
the anode. In spot mode, the collected electron current,
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i.e. the electron thermal flux, is a function of the poten-
tial barrier at the anode surface?

jth = Znevthexp %7 (5)
where vy, is the electron thermal velocity, n. and T, are
the plasma density and electron temperature in the an-
ode region, respectively. At saturation, when V, =V,
the thermal electron current density defined in Eq. (5)
becomes

. 1

Jth,sat = Znevtir (6)
Therefore in spot mode the relation ji, < jin sat is al-
ways satisfied. When the anode potential V, is larger
than V,, an electron attracting sheath is formed at the
anode surface and the relation jiy, > jip sqe is fulfilled.
The cathode discharge plume exhibits a constricted at-
tachment to the anode®?, and the cathode operates in
plume mode in that case.

The cathode discharge can be seen as a complex sys-
tem with several physical variables, such as emitter and
anode currents, electrode surface areas and plasma prop-
erty in the vicinity of the emitter and the external anode.
The anode geometry influences the plasma properties in
its vicinity, which in turn have an impact on the over-
all cathode discharge properties. Experimental results
obtained in this study clearly show the anode geometry
affects the cathode I-V envelope, the operating mode and
the mode transition, the electron density and tempera-
ture, and finally the ion energy.

According to Eq. 4, for a certain value of the dis-
charge current, I;, and assuming a constant emission
current density, jem, a smaller collection area at the an-
ode, Acoection induces an increase in (j, — j;), whereas
a larger collection area may correspond to an increase in
the same term. Therefore, the collected thermal electron
current density, jth can be influenced by the anode sur-
face area and as a consequence the spot/mode cathode
discharge mode can be associated with the anode sur-
face. In short anode geometries with small surface area
are more prone to induce plume mode operation at sim-
ilar discharge conditions. This can be seen when looking
at the cylindrical anodes case: the long cylinder anode
imposes plume mode operation for 54.5% of operating
points, while the short cylinder always leads to plume
mode operation. However, the situation is the opposite
for the planar anodes. The cathode operates in plume
mode for 16.6 % of operating points with the disk anode
(small area), while for the plate 55% of points are in
plume mode.

It was shown that plasma parameters differ for a cylin-
drical, hollow geometry and a planar one. LIF mea-
surements revealed that a cylindrical geometry imposes
higher ion velocities in the cathode plume, while the ion
temperature tends to increase as approaching the anode,
as shown in Fig. 8. Such characteristics of the cath-
ode ion population suggest the emergence of coherent



ionization-like instabilities, specific to the plume mode
operation. Moreover, a planar geometry with no holes,
that constricts the neutral flow, as it is the case of the
disk anode, can induce higher electron densities in the
cathode-anode region and in turn maintain a thin plasma
sheath at the anode, for a stable, spot mode operation.
It is not surprising that the disk anode, although hav-
ing a smaller surface area than the plate, imposes sta-
ble spot operation for more than 83 % of the operational
points. The cathode-to-anode distance can also be dis-
cussed when planar or cylindrical geometries are consid-
ered as obviously this distance is larger for cylinders due
to their 3D shape. It was previously showed that the
cathode discharge mode transition is highly dependent
on the cathode-anode distance, a higher distance induc-
ing plume mode operation?. In a nutshell, for a sufficient
large surface area, as it is the case of the plate and long
cylinder, the anode geometry does not strongly influence
the discharge mode, although plasma properties are af-
fected. Besides, for a small surface area, as with the disk
and short cylinder, a hollow geometry negatively impacts
the cathode discharge by favoring mainly plume mode
operation.

The external anode acts as a physical boundary for
the cathode plasma discharge in diode configuration. In
addition to being a physical boundary for the cathode
plasma plume, the external anode also drives to a large
extent the discharge current balance through its collec-
tion surface and its influence on the electric field topol-
ogy. For instance, for a given emission current, there is a
minimum anode surface area for maintaining the current
balance, and hence a stable discharge. The shape of the
anode also modifies the “view factor” from the cathode
orifice, which influences the electron and ion fluxes, and
hence the plasma properties in the cathode-anode gap.

VI. CONCLUSION

In this study, a flat disk LaBg emitter 5 A-class cath-
ode was tested in diode configuration with four different
external anodes in order to examine the anode geometry
influence on the cathode discharge characteristics. The
cathode was operated from 2 A to 12 A while the xenon
mass flow rate was varied from 0.4mg/s to 1 mg/s.

The anode geometry strongly influences the cathode
operating envelopes and discharge mode distribution.
For instance, the short cylindrical anode imposes the
highest anode potential, while the cathode exhibits only
plume mode operation for all discharge currents and mass
flow rates. For the other three anodes, the spot mode is
observed at low discharge currents and the plume mode
is reached at high discharge currents. Moreover, differ-
ences have been noticed in ion and electron properties
between plane and cylindrical geometries. Our set of re-
sults greatly supports the fact that the anode geometry
influences cathode discharge characteristics both at the
macroscopic and the microscopic level.
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This work, along with our previous work on the
cathode-anode gap impact on cathode characteristics,
points out the need for standardization of cathode test-
ing and performance measurements in the field of electric
propulsion for spacecraft. This implies in particular the
definition of common rules for cathode-anode gap and
external anode geometry selection. Besides, it appears
that the anode geometry should be included into cath-
ode models and numerical simulations to better match
the real experimental arrangement.
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