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a low power input (<20 W) with significant specific impulse savings, propellant
system simplification and potential power savings. Using a validated 2D axisymmetric
COMSOL Multiphysics model, a thermionic dry neutralizer based on an electron gun
configuration has been designed, developed, and experimentally characterized. The
experimental characterization in diode mode has investigated the influence on the
cathode emission and system losses of the extraction electrode voltage and anode
voltage respectively in the 100-580 V and 0-30 V range. Experimental results show
good agreement with simulation predictions used in the design phase. The electric
field focusing and space charge de-focusing effects to minimize power losses are
discussed. Furthermore, the thermal influence of the emitter temperature is explored
from 1110° C to 1200° C assessing the minimum operational power, poisoning
effects, and thermal hysteresis. The neutralizer has achieved a maximum anode
current of 55.8 mA at an extraction electrode biasing voltage <600 V and a heater
power consumption of 10.5 W, resulting in a total power-to-current ratio of 0.32 W/
mA. Thus, technologically demonstrating emission and power characteristics suitable
for thruster neutralization of small satellites and CubeSat applications.

Keywords Dry neutralizer, Propellant-less neutralizer, Thermionic cathode, Electron
gun, Low current

Introduction

The increasing interest in small-scale satellites as economic, efficient, and versatile
systems for space applications relies on the development of next-generation propul-
sion systems [1, 2]. Upcoming missions such as the Next-Generation Gravity Mission
(NGGM) [3] and the Miniaturized Asteroid Remote Geophysical Observer (M-ARGO)
can be enabled via small electric propulsion technologies for orbit correction, drag
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compensation, and de-orbiting [4, 5]. Such missions require high delta-V and high total
impulse but low power and thrust levels, and this can be achieved by miniaturized grid-
ded ion engines such as the RIT3.5 [6—8] or the MiXI [9, 10]. One of the critical aspects
to be evaluated, due to the limited power budget and space availability, is the neutraliza-
tion system. The charge balance of the exhausted plume is a critical operational require-
ment for any electric propulsion device since non-neutralization could cause a failure of
the electric propulsion system or the systems on board. For small low-power thrusters
such as the RIT3.5, the currents needed for the neutralization are typically in the 0-100
mA range [11], depending on the thrust setpoint and number of engines.

Various neutralization technologies developed for low current neutralization are sum-
marized in Table 1. For low-current operations, hollow cathodes (HC) require a high
flow rate relative to the main thruster flow and additional power to the cathode to sus-
tain the self-heating process, with a consequent reduction of the specific impulse associ-
ated with the required flow and mass efficiency reduction due to the feeding system [9,
12-14]. Because of the reduction in the heat fluxes to the emitter resulting from the low
discharge current, an additional heater and/or keeper current is usually required [14—
16]. Several developed HCs have demonstrated operation capability at discharge cur-
rents < 0.3 A with this additional power [9, 17-20]. To reduce the required heat fluxes,
novel emitter materials such as calcium aluminate electride, C12A7, are under research.
Being able to operate at temperatures well under 1000 °C, experimental testing reports
discharge currents in the 0.1-0.3 A range [21, 22]. However, the C12A7 is unable to sup-
port long operativity due to poor emission uniformity, discharge voltage instabilities,
and lifetime issues. Detailed reviews of the hollow cathodes for low current application
and the challenges involved in this application are provided in Reference [12, 16]. Field
emitter arrays (FEA) offer an attractive solution for small low-power electric propulsion
missions since they do not require heating power and a propellant flow [1, 12]. Several
FEAs have been developed and tested for demonstrating the ability to emit up to 1 mA
[23-25]. Higher currents could be achieved by increasing the number of arrays and their
size, as the 88 mm x 88 mm neutralizer capable of emitting 20 mA [25]. However, for
100 mA emission a 390 cm? footprint would be required, which is very challenging for
small satellite applications. Filament neutralizers could provide enough electron cur-
rent in the 0-100 mA with low power consumption, however, their limited lifetime with
respect to the other neutralization technologies due to life-limiting mechanisms such as
material evaporation at high temperature and ion bombardment, limits their application
[15, 26]. Dry dispenser cathodes, i.e., thermionic cathodes operating without the need
for a gas flow, have been investigated [15, 27, 28] and adopted for space applications in
configurations able to produce 1-10 mA [29-32]. Without self-heating as with hollow
cathodes, dispenser cathodes used as dry neutralizers (DN) require continuous heater
power. An extraction electrode biased with respect to the cathode extracts the electrons
from the thermionic emitter in a space-charge limited condition. An example is the neu-
tralizer unit adopted for the Lisa Pathfinder’s thruster shown in Table 1 as FEEP NU
[30]. An emitted cathode current of 20 mA is reached with 200 V on the extraction gate
electrode bias voltage; however, nearly half of the emitted current is lost to the extrac-
tion gate electrode, resulting in a reduction in power efficiency [29]. This effect is caused
by the space-charge effect on the electron beam, and it can be mitigated by introducing a
second electrode, typically referred to as the focusing electrode. This approach is widely
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adopted for dispenser cathodes in an electron gun configuration on magnetrons, travel-
ing wave tubes, and cathode-ray tubes [33]. This electrode is set at cathode potential,
and it is used to focus the beam by reducing radial electric field components to counter
the coulomb repulsion between electrons in the beam [33, 34], increasing the magnitude
of the extracted electron beam as the gate electrode collects less current. A dedicated
electron gun configuration could allow it to operate at higher voltages and consequently
increase the emission current up to 100 mA with low power consumption and reduced
complexity. However, when integrated with ion thrusters, electron gun-based neutral-
izers may face coupling limitations due to their operating method. Unlike hollow cath-
odes, which operates by creating a plasma bridge that draw out the cathode’s electrons
through a potential difference to the thruster beam, electron guns operate under space-
charge limited condition as they emit a focused electron beam rather than generating a
plasma. As a result, the interaction between the electron beam and the ion plume can be
less efficient, potentially leading to incomplete or unstable charge neutralization, space-
craft charging, or beam divergence issues. This could be addressed by reducing the dis-
tance between the neutralizer and the ion source, making it easier for the electrons to
reach the ion beam. However, having the dry neutralizer too close to the ion beam could
increase the risk of ion sputtering that can degrade critical components like the emit-
ter surface and reduce the device’s operational lifetime. That said, the emitter itself is
expected to be protected by the highly positive bias applied to the extraction electrode,
which repels incoming ions and minimizes direct bombardment.

This work presents the design and characterization of a low-current dry neutralizer
that would enable neutralization of the beam current required by low-power thrust-
ers, such as the RIT3.5 [8, 11, 13]. Due to the application requirements to operate with
a low voltage on the extraction electrode [13], a high perveance electron gun configu-
ration is required, i.e., P >1 uPerv [34]. This type of configuration has a large extrac-
tion aperture that strongly perturbs the electric field. Validated analytical models can
be found in the literature for the design of electron guns [35]. However, for high-per-
veance devices, numerical methods are essential due to the complexity of the fields and
the particle behaviour [34]. Thus, a 2D-axisymmetric electron optics model based on an
electron gun configuration has been developed on COMSOL [36]. Based on the initial
simulation results, a breadboard setup was designed and experimentally tested to vali-
date the model. Additional experiments were conducted by varying electrode distances
and orifice sizes to gain further insight into the emission characteristics and to compare
them with model predictions. Following this iterative validation process, a refined elec-
tron optics configuration was defined. This study presents the test results of this final
breadboard configuration, referred to as the Dry Neutralizer 3.4 (DN3.4), where “3.4”
indicates the emitter diameter in millimetres. The neutralizer was tested in diode mode
with an anode plate collecting the emitted electron current under conditions representa-
tive of operation with an ion thruster. The influence of the extraction electrode voltage
and the anode voltage were investigated to characterise the neutraliser’s performance.
The DN3.4 has also been successfully operated in coupled mode with the RIT3.5, dem-
onstrating stable performance up to 2.5 mN, corresponding to 35.5 mA of emission, as
reported in Ref [37, 38]. A comparison between the diode and coupled mode test will be
reported in a future work.
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The first section of this work describes the breadboard design and setup. The second
section aims to describe the test facility, the instrumentations, and the test procedures.
The third section presents the results of the thermal characterization and the operational
experimental characterization, demonstrating higher emission current with an enhanced
power efficiency than has been previously achieved for such applications. In the final
section, conclusions are drawn on the capability of the DN3.4 to generate sufficient elec-
tron emission current to represent a viable neutralizer solution for ion thrusters.

Neutralizer design

The DN3.4 is a modular breadboard configuration composed of two units, namely the
firing unit and the emitter unit. The two units are connected on the two opposite sides of
a stainless-steel mounting plate, and a set of spacers allows for easy manipulation of the
emitter-to-electrodes distance, as shown in Fig. 1a. A Thorlabs optical base is used for
accurate positioning of the system components in the chamber. A stainless-steel anode
disk with a diameter of 180 mm is placed 20 mm downstream of the DN3.4 for the diode
mode testing. The anode has an orifice of 5 mm in the centre to permit the vision of
the emitter surface through a chamber window and enable pyrometer measurements.
Figure 1b shows a schematic drawing of the setup with a simplified representation of
the main elements that compose the DN3.4. The firing unit consists of two electrode
plates, the gate extraction electrode and the focusing electrode. The electrodes are kept
isolated and at a fixed distance by a ceramic alumina plate, while the power and voltage
sensing connections are achieved through a set of mechanical fixtures. The firing unit
also includes a stainless-steel casing element to screen the gate extraction electrode. Dif-
ferent optics can be tested by changing the electrodes’ geometry or by changing their
relative positions by using spacers. The emitter unit consists of a dispenser cathode con-
nected to a cathode support plate that allows the connection to the mounting plate. The
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Fig. 1 DN3.4 setup mounted in MSL-VC3 chamber with the anode plate and connectors; a) top-view of the ex-
perimental test setup, b) Schematic drawing of the setup showing the firing unit and the emitter unit connected
to the mounting plate and the thermocouples location, (c) emitter surface glow during operation seen through
the anode aperture
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cathode adopted for this test campaign is a cylindrical dispenser cathode with an inte-
grated heater potted in alumina. The emitter is a disc of 3.4 mm in diameter and 1 mm
in thickness of porous tungsten emitter impregnated with barium-calcium-aluminate.
According to the manufacturer bulleting, the emitter should be able to produce more
than 10 A/cm2 at 1200 °C with a lifetime estimated to be above 80,000 h, assuming
barium depletion to be the dominant lifetime-limiting mechanism and relying on pre-
existing barium depletion model [46]. Multi-layered molybdenum thermal shielding is
wrapped around the cathode tube to reduce the radiative thermal losses of the DN3.4
during operation, and it is kept in position by a radiation shield casing. All connec-
tions go through block connectors to the chamber feedthrough. Type-K thermocouples
are attached to the test setup to monitor the temperatures during operation. Figure 1b
shows their location at the base of the cathode, TC1, at the base of the casing, TC2, and
at the far end of the anode, TC3. Figure 1c shows the emitter glow visible through the
anode aperture during operation.

Test methodology

Electric configuration

An overview of the electrical schemes for the experimental test campaign can be
seen in Fig. 2. An EA-PS 9750-12, 750 V-12 A power supply applies a voltage bias
between the gate extraction electrode and the cathode. A TTI CPX400DP-Dual Sup-
ply, 60 V-20 A-420 W, is used for the anode and the cathode. One channel is used to
bias the anode plate with respect to ground, while the other sets a bias on the cathode
common potential with respect to the facility ground to recreate the operating potential
when coupled with a thruster. A second TTI CPX400DP-Dual Supply is used to oper-
ate the heater, while the casing was connected to facility ground. All current measure-
ments are performed by measuring the voltage drop across 1Q + 1% shunts, not shown
in the schematic. The heater voltage and current are measured by two TESTEC TT — SI

Il Anode
I T I ]
m|m
Casing
1 1 [ |
| Gate electrode
__I I ] I ]
- |+ Focusing electrode
I— e |
Cathode
NANM

Heater

|
L

e s

Fig. 2 Schematic of the main electric configuration
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9001 differential voltage probes, that measure up to +70 V. With a+2% accuracy on the
measurement, the heater power error at 10.5 W is +0.42 W. Both probes are connected
to a Tektronix DPO3014, 100 MHz 4-channel Digital Oscilloscope, which displays and
records the heater current and voltage. A Keysight 34,970 A data acquisition unit along
with a 34,901 A 20-channel multiplexer module is used to conduct all the remaining
voltage and thermocouples measurements. The accuracy is measured as a % of reading
+ % of scale range. At the highest range, 300 V, the error corresponds to 0.0035% of the
reading + 0.0030% of the range, thus a maximum of 0.02 V of error. While for the cur-
rents, the scale range used was 100mV. The accuracy is 0.0040% of reading +0.0040% of
the range, resulting at most in a+0.007 mA for the cathode current of 77.4 mA.

Finally, a protection circuit composed of two zener diodes between the cathode com-
mon floating potential and the facility ground is introduced. This was introduced to
avoid excessive variation of the floating potential that could lead to equipment damage
and create unsafe testing for the personnel.

All the power supplies, the oscilloscope, the multiplexer, and the pressure gauge are
connected to a PC and logged by a LabView program at a sample rate of approximately
1 Hz. All interfaces between the control system and test apparatus are isolated via inline
USB/RS232 optocouplers. The software allows you to monitor, record, and control all
the test setup, but also to execute automated test operations by stepping through a list of
user-defined operating points loaded in configured test sequence files.

Test facility

The test campaign was performed at the MSL EP laboratory in Southampton, UK. The
DN3.4 was tested in MSL-VC3, which is a stainless-steel vacuum chamber with a diam-
eter of 490 mm and a length of 510 mm, shown in Fig. 3a. A door mounted on a frame
structure to a rail system allows the chamber to open, and an ISO-K180 viewport on the
side allows optical access. The chamber is equipped with a pumping system composed
of a backing pump and a turbo-molecular pump that enables the chamber to reach
an ultimate pressure of 8 x 10~ mbar during the DN3.4 operation. Figure 3b shows a

Turbo pump

DN3.4

Pyrometer

|

Window

Block
Connector

Pressure ion
gauge

a) b)

Fig. 3 a) MSL-VC3 vacuum chamber in the MSL EP laboratory, b) front-view of the MSL-VC3 vacuum facility with
the DN3.4 setup configuration schematic
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front-view schematic of MSL-VC3 along with the position of the different instruments
adopted for the test campaign.

A Keller Mikro PV 11 optical pyrometer is used to measure the emitter surface bright-
ness temperature. This pyrometer operates at a wavelength, 4, of 0.65 ym, and has a
total range of 700 °C to 3000 °C. A tungsten filament is heated until its brightness color
matches the hot body. For accurate pyrometer measurements, the brightness tempera-
ture has to be converted to the true temperature according to the following relation [47,
48]:

1 1 logexg

T T, 9613

(1)

where T is the true temperature in K, T, is the brightness temperature in K, X the
wavelength, 7, is the emissivity, while ¢ is the chamber window optical transmittance
at \. For a BaO-W emitter, at 0.65 um, the emissivity is assumed equal to 0.52 [48], while
for the glass window of the chamber, the optical transmittance is taken to be 0.91 as
typical for borosilicate glass [49]. A measuring uncertainty is 1.5% of the measured value
in the 700-800 °C range and 0.6% of the measured value in the 800-2000 °C range. An
additional uncertainty dependent on the pyrometer operator is on average 1.5 °C at 1000
°C, and 3 °C for repeatability.

A Lesker KJLC354 Series hot filament ion gauge with an integrated controller is posi-
tioned on the bottom of the chamber and it is used to monitor the total background
pressure in the system. A residual gas analyzer (RGA), SRS RGA200, connected opposite
to the door, is used to keep track of the partial pressures during the DN3.4 test cam-
paign. RGA readings during nominal conditions and test operation are shown in Table 2.

Test parameters and procedures

Dispenser cathodes, such as the BaO-W emitter used in the DN3.4, require an adequate
vacuum level to operate. The pressure close to the cathode has to be lower than 1.3 x
10”7 mbar, otherwise, the emitter surface would experience poisoning effects and the
emission would be reduced [50]. Moreover, a commissioning phase is required when-
ever the cathode is operated for the first time following exposure to air and humidity
[51]. The procedure adopted involves maintaining the cathode under vacuum at ~ 400 °C
and then at ~ 900 °C for up to 12 h to ensure complete outgassing. This was followed by
activation phase in which the cathode was operated at an emission temperature of 1200
°C until a stable cathode emission is achieved before the performance characterization

Table 2 RGA readings during DN operation compared to nominal conditions

Gas Type Mass [amul] Ultimate Partial DN in Operation
Pressure [mbar]  Average Partial Peak
Pressure [mbar] Partial
Pressure
[mbar]
Hydrogen H, 2 11x107° 93x107? 52x1078
Atomic Nitrogen N 14 16x107° 17x107° 29%x107°
Ammonia/ Hydroxide ~ NHy/OH™ 17 6.1x10°1° 63x10°1° 1.1x107°7
Water H,0 18 24x1071° 25%107° 42x107°
Nitrogen N, 28 15%107°8 16x1078 18x1078
Oxygen 0, 32 3.1%x107? 32x107° 48x%107°
Carbon Dioxide Co, 44 2.1%1071° 42x10710 53%x107°
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tests. Poisoning effects could be avoided by using lanthanum hexaboride (LaBg) due to
its greater resistance to impurities and air exposure. However, its significantly higher
operating temperature results in an increase in power demand, making it less suitable
for low-power systems. Moreover, since emission occurs from the bulk material, LaB
evaporation over time alters the surface geometry [46], leading to changes in perfor-
mance due to modified electron optics.

Once the commissioning phase was completed, the DN3.4 characterization tests were
performed by varying the gate electrode biasing voltage and the anode voltage. The cath-
ode temperature during operation was preliminarily set to 1200 °C to avoid emission
reduction due to poisoning effects, which depend on the emitter temperature and the
operating pressure. A lower temperature of the emitter or a higher pressure in the cham-
ber increases the poisoning [50]. For the characterization, the cathode was set at -60 V
respect to ground to simulate the operation with the thruster, the gate voltage was varied
in the range of 100-580 V, in increments of 100 V, while the anode voltage was set to
0V, 10 V, and 30 V. However, the voltage readings measured by the multiplexer were
consistently around 1% lower, attributed to voltage drops across the shunts. To assure
steady-state conditions, every measurement was taken when the cathode was thermally
and electrically stable (< 0.2 V/h and < 0.2 A/h for the heater, < 0.1 mA/h variation for all
measured currents). Successively, the effects of the emitter temperature on the currents
at 580 V on the gate and 30 V on the anode were investigated. The characterization was
performed by sweeping the heater power, and consequently the emitter temperature,
three times from 1225 °C to 1115 °C, and then increasing it back to the same level. Each
setpoint was recorded once the current rate of change was lower than 0.2 mA/h or after
2 h, depending on which occurred first.

The emitted cathode current, I., during operation could be collected by the focus-
ing and gate extraction electrode, expressed by Ir and Ig, or leave the gate orifice,
expressed by the bias current Ig. The bias current is then collected by the anode or the
casing, respectively In and I.,s. These relations are summarized in Eq. 2 and Eq. 3, and
are illustrated in Fig. 4. All the currents were acquired except the casing current that was
derived from Eq. 3. Thus, casing current includes potential losses through the facility.

Anode electrode

® ® ®

A I
e ~

. 'I‘_C‘.‘.\..S.g@ Casing

o .V Gate electrode
. T 1

oo Focusing electrode

\ ® e IC@ ) /
e e @;':é‘:_@ )

| Cathode | |

Fig. 4 Emitted cathode current distribution
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Ic=Ig+Ig+1F (2)

Ig = 1A + Ias (3)

Results and discussion

Thermal characterization

Thermal characterization provides an understanding of temperature distributions,
which play a key role in optimizing the dry neutralizer power requirements. Figure 5a
shows emitter brightness temperature profile and true temperature, derived from Eq. 1,
as a function of the heater power. Error bars indicate the measuring uncertainties of the
pyrometer since these exceed the standard deviation. The emitter reaches a temperature
of 1200 °C with a power on the potted heater of 10.5 W/, but it can operate at lower tem-
peratures within the RIT3.5 power requirements [11]. Figure 5b shows the temperatures
measured on the cathode base, the anode plate, and the casing base as a function of the
emitted temperature between 1100 and 1125 °C. The data was derived from six power
sweeps performed during the operation. Error bars are displayed as 30, to ensure the
uncertainties are visible in the figure. The cathode base temperature remains below 350
°C in this range while the casing and the anode are respectively at around 150 °C and 75
°C. While the cathode base is heated due to conduction, the other two result from radia-
tion and electron beam heating.

Gate voltage and anode voltage influence

This section focuses on the characterization of the operating voltages’ influence on the
emission. Six voltage sweeps at 1200 °C have been conducted, three increasing and
three decreasing sweeps, and the results are presented in this section. Error bars show-
ing standard deviation have been included to illustrate the level of repeatability of the
results. Figure 6 shows the results of the gate extraction electrode voltage sweep with the
anode voltage set to 30 V compared with the model predictions. There is a fairly good
agreement between the model and the experimental results in terms of currents trends.
The experimental cathode current is consistently higher than the one predicted by the
model, which results in higher currents measured on the other electrodes. This discrep-
ancy could be explained by the inherent difficulty in ensuring the setup configuration

1300 450
@ Tip true temp. ¥ TC1 - Cathode
1200 4 % Tip brightness temp. s 8 e 400 + 4 TC2 - Casing
!‘l HH TC3 - Anode
& 350 4 n
T 1100 1 s S ol Ho-t 1o /o1 Fo ol
= 52 £ 300
p s g
1000 A
2 mE 2 250
3 2t 2
g 900 i £ 200
2 !ii @
4 150 A
800 )
100 A
7001 L Sl ] oA - HM
T T T T T T T 50 T T T T T
4 5 6 7 8 9 10 11 12 1100 1125 1150 1175 1200 1225 1250
Heater power [W] Emitter True Temperature [°C]
a) b)

Fig. 5 Thermal profiles of the DN3.4; a) emitter surface brightness temperature and true temperature as a func-
tion of the heater power, b) temperatures at the base of the DN3.4 components as a function of the emitter true
temperature during operation



Gasa et al. Journal of Electric Propulsion

(2025) 4:70
801 —@— Ic- Exp. -@- Ic-Sim.
I - Exp. Ig - Sim.
70 4 Q- Is p Q- s ! ®
—A— I, - Exp. =&- [y-Sim. ,,/
60 - O lcas - EXp. O lcas - Sim. //’
V- Ig - Exp.
g 50 1
£ N G A
£ 40 1 -7 _
o
3 301
O
20 A
10 - o1
o o
o1 @ 1 & & > ©
100 200 300 400 500 600

Gate Voltage [V]

Fig. 6 Comparison between the simulation predictions and the currents measured experimentally as a function
of the gate electrode voltage at 30V on the anode
being identical to the model. A small variation in the distances between the electrodes,
the thermal expansions of the different components, or the misalignments between the
electrodes are sources of deviation. The model predicts no current to the gate, while in
the experiments it is small but non-negligible. The anode current shows good agree-
ment with the simulation up to approximately 400 V. Beyond this point, the experimen-
tal values deviate from the model, although both exhibit a similar increasing trend with
reduced slope, corresponding to the increased current collected by the casing.

Experimentally, the cathode current varies with the gate electrode voltage from 7.1
mA at 100 V on the gate to 77.4 mA at 580 V with high repeatability. The dependence
of this current on the gate voltage exhibits a non-linear trend consistent with the space-
charge limited emission current regime, I « V*?2, showing good agreement with the
general profile predicted by the model. This indicates that the emission is primarily gov-
erned by space charge effects rather than cathode temperature, as the measured current
remains significantly below what would be expected in the thermionic emission regime.
This behaviour can be explained by the Child-Langmuir law, which defines the maxi-
mum current extractable from the cathode-to-gate region and confirms that the system
operates in space-charge limited regime. Downstream the casing, electrodes retain a
finite kinetic energy due to the stronger acceleration in the cathode-to gate region com-
pared to the deceleration in the gate-to-casing region. As a result, electrons leave the
casing with an energy of about 60 eV. Additionally, the outward bulging of the poten-
tial at the casing aperture [36] reduces the effectiveness of the deceleration, allowing the
electrons to retain an energy of more than 100 eV at the exit of the neutraliser. Entering
the casing-to-anode region with non-zero energy, the electrons are governed by the gen-
eralised Child-Langmuir law for non-zero initial velocity [52], which predicts a space-
charge limited current consistent with the measured anode current.

It is observed that the focusing electrode effectively focuses the beam as the gate
current is low at all voltages, being at most 2.4 mA of the total emitted cathode cur-
rent. Thus, most of the current results in bias current, i.e., current that leaves the gate
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electrode. Up to 300 V, the bias current is collected primarily by the anode, with a casing
current that remains in the order of 1 mA. However, at higher voltages, the current col-
lected by the casing increases at the expense of the anode current. At 580 V, the anode
current corresponds to 55.8 mA, with 18.3 mA lost on the casing and facility. Higher
voltages and higher bias current result in an increased divergence of the beam and a
higher space-charge downstream of the casing orifice [36]. Part of the diverged elec-
trons are then attracted and collected by the casing, resulting in a power loss to the sys-
tem. This behaviour would be reduced when operated with an ion source which would
decrease the downstream space-charge divergence. A focusing electrode current was
detected being around 0.7 mA of current during the test activity. Because of the low
dependence on the operating conditions, it is not shown in the figures.

The total power required to operate the DN3.4 is approximately 18 W, including heater
power, the power lost on the electrodes of the DN and on the anode. Specifically, 10.5 W
are needed to keep the emitter to its operating temperature of 1200 °C, the gate elec-
trode collects 2.4 mA at 580 V respect to the cathode, resulting in 1.4 W, while the cas-
ing draws 18.3 mA at 60 V respect to the cathode, contributing by 1.1 W. An extra 5 W
derive from considering the 55.8 mA on the anode plate at 90 V respect to the cathode.
However, this power would not be included in the power budget of the DN when oper-
ated with a thruster, as there would be no dedicated anode electrode. In a coupled con-
figuration, the ion beam from the thruster effectively acts as the anode and this power
would represent a performance loss in the coupled system. By considering the anode
current, 55.8 mA, as the portion of the electron current available for beam neutraliza-
tion, the resulting power-to-current ratio is 0.32 W/mA and a current-to-surface ratio of
615 mA/cm? which compares favourably with the values in Table 1. In comparison, the
FEEP NU from Table 1 can emit 6—10 mA with a power consumption of 0.5-0.9 W/mA,
since half of the cathode current is collected by the gate [29, 43], while the IFM Nano
Thruster’s dry neutralizer has a power to current ratio of 0.8 W/mA with a total emis-
sion of 5 mA [32].

Figure 7 shows the anode voltage influence on the currents as a function of the gate
voltage. The cathode current is primarily governed by the gate voltage and is nearly
unaffected by the anode voltage. This indicates that the emission is determined solely
by the firing unit’s optics. At 580 V, the difference between the cathode current at 0 V
and 30 V on the anode appears to be 2.1 mA, around 3% of the total current. A similar
behaviour, minimum influence, can also be observed in the bias current and gate cur-
rent. Up to 300 V, the currents seem almost independent of the anode voltage, while
at higher gate voltages, the difference between the 0 V and 30 V conditions is only 1.2
mA for the gate and 3.3 mA for the bias. However, the anode voltage does influence
the distribution between the gate current and bias current: higher anode voltage leads
to an increase in bias current and a corresponding decrease in gate current. This again
is explained by the equilibrium between the electric field forces and the electron beam
self-repulsion. A higher anode voltage draws more electrons, reducing the space-charge
effect and the beam divergence. In contrast, the anode voltage significantly affects both
the anode current and casing current. At 580 V, the anode current at 30 V is 55.8 mA
compared with 36 mA for the 0 V case. The reduction in anode current at lower volt-
ages results in a corresponding increase in the casing current of up to 35 mA. As the
anode voltage increases, the electric field near the anode becomes stronger and extends
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further upstream, effectively attracting a greater portion of the emitted electron beam.
This results in a more focused and directed flow of electrons toward the anode, thereby
reducing the fraction of electrons intercepted casing and the gate. Consequently, both
the gate and casing currents decrease with increasing anode voltage, while the anode
current increases. The relatively high casing current is a result of the specific design
characteristics of the system, as the breadboard was partially protruding into the elec-
tron beam due to limitations in the breadboard mounting interfaces. In the engineering
model [8], the casing current is expected to decrease by minimizing the casing-to-gate
distance, a result that will be confirmed through further testing.

The transmission rate of the DN is defined as the ratio of the anode current to the
total emitted current, the cathode current, and gives an indication of how efficiently the
anode current is extracted. Figure 8 shows the transmission rate along with the ratio of
the other electrodes as a function of the gate voltage at various anode voltages. At least
94% of the emitted cathode current leaves the firing unit as bias current except for the
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100 V gate condition, in which the current lost on the focusing electrode is significant
with respect to the cathode current. The performances increase with the anode volt-
age as the gate current is reduced. A peak condition is reached at around 300-400 V on
the gate, depending on the anode voltage, where the bias to cathode ratio appears to be
maximum while the gate to cathode is minimized. At low gate voltages, the weak electric
field is insufficient to efficiently focus the electron beam. On the other hand, at high gate
voltages, the electron density in the beam becomes too high, resulting in increased Cou-
lomb repulsion, which broadens the beam and increases gate losses. The transmission
varies with both the gate voltage and the anode voltage, reaching a maximum of 91% at
300 V on the gate and 30 V on the anode. Higher gate voltages reduce transmission by
directing more current to the casing, whereas higher anode voltages increase the elec-
trons collected by the anode by reducing the amount collected by the casing. Respect to
the FEEP NU in Table 1, at 200 V of bias, the DN3.4 has a transmission rate between 70
and 90%. At higher gate voltage, the transmittance decreases to approximately 50—-70%
of the total cathode current as the casing current component increases.

Emitter temperature influence

Figure 9 shows the effects of the emitter temperature on the currents at 580 V on the
gate and 30 V on the anode. The results for the cathode, gate, bias, anode, and casing
currents are presented along with error bars showing the standard deviation of the data.
The cathode current shows good repeatability and the limited temperature influence on
the current confirms the space-charge limited regime in this temperature range. The
current reduction at temperatures lower than 1130 °C could be explained by the emitter

poisoning as the residual gasses present in the vicinity of the emitter lead to an effective
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increase of the work function [53]. A clear drop in performance is observed when reduc-
ing the cathode temperature to 1115 °C and, to avoid any damage to the emitter surface
due to poisoning, the temperature was not further reduced. The emission is completely
recovered once the emitter temperature is increased above 1180 °C, however at lower
temperatures, a hysteresis effect occurs due to the poisoning. Poisoning recovery is pos-
sible even at these lower temperatures, but longer emission time is required to clean off
the emitting surface [54]. The decrease in cathode current primarily leads to a reduction
in bias current, while the gate current decreases by no more than 0.2 mA. This drop in
bias current results in a reduction of casing current, while the anode current remains
unchanged during the thermal sweep while the anode current remains unchanged dur-
ing the thermal sweep. The stability of the anode current can be attributed to the optics
configuration, as the extracted current is determined by the applied potential. Lower
emission reduces the electrons diverted to the casing, minimizing space charge effects.
Operation at lower temperatures without poisoning effects is expected to be feasible
at pressures lower than those present during the tests, as reported in Table 2 [51]. This
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lower operating temperature would enhance the predicted emitter lifetime by reducing
barium depletion and decreasing the risk of heater failure [48, 55]. Achieving lower pres-
sures, however, was not possible under the defined operating conditions, respectively
580 V and 30 V for gate and anode. The chamber pressure was observed to rise during
the operation due to anode outgassing caused by electron beam heating and electron
sputtering, as confirmed by the peaks observed in the partial pressure readings shown in
Table 2. It should be noted that the pressures reported in Table 2, measured at the cham-
ber wall by the RGA, likely underestimate the actual partial pressures in the immediate
vicinity of the emitter. This is due to the local outgassing of the anode and electrodes
under electron bombardment, which could not be fully mitigated as only the emitter was
outgassed through the heater. Consequently, local emitter poisoning effects may occur at
pressures lower than what would be inferred from the RGA readings alone.

Conclusions

The DN3.4 is a propellantless neutralizer that has been designed and characterized in an
experimental testing campaign at different operational parameters. The neutralizer con-
sists of an electron gun configuration in which the emitted cathode current is extracted
by a biased gate electrode and focused by a focusing electrode. The testing campaign has
demonstrated that the DN3.4 is able to extract a stable current, and that the technol-
ogy is suitable for delivering sufficient current for neutralizing small/CubeSat thrusters,
such as the RIT3.5. With a heater power input of 10.5 W required to keep the emitter
temperature stable at 1200 °C, and a gate extraction voltage of 580 V, the device is able to
generate 55.8 mA of anode current, with a power-to-current ratio of 0.32 W/mA. Thus,
achieving a higher emission current with an enhanced power efficiency than has been
previously achieved for such applications.

The characterization demonstrated that the results are highly repeatable, and it is
strongly influenced by the electrodes’ optics. The gate biasing voltage is the main fac-
tor affecting the emission, while the focusing electrode reduces the current collected by
the gate, increasing the efficiency of the emission. As expected, the anode voltage influ-
ences the amount of current collected by reducing the current diverging into the casing
because of the electron beam self-repulsion. Moreover, initial investigations on the emit-
ter temperature’s influence on the emission suggest that the DN3.4 require a tempera-
ture in the range of 1160-1200 °C to operate without poisoning effects at 8 x 10~ mbar
of pressure. Maintaining such high temperatures results in increased power consump-
tion and may accelerate cathode degradation, thereby reducing the overall operational
lifetime of the device, highlighting the need for optimizing temperature management in
future designs.

While these findings are promising, these results were obtained in diode configuration
and therefore they should be validated through a coupled test with a thruster to confirm
the assumptions made when recreating operational conditions with the cathode bias,
and to verify that the anode effectively simulates the ion beam. Future work will address
these limitations by examining poisoning phenomena at lower operating temperatures,
assessing sputtering and degradation under realistic ion bombardment conditions, and
conducting integrated testing with ion thrusters to better understand neutralization

mechanisms and their interactions.
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