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An overview of the design process, acceptance testing, and initial performance mapping of the N30, a 30-kW class dual-channel magnetically
shielded Hall thruster, is presented. The thruster was developed by the
University of Michigan in collaboration with the Jet Propulsion Laboratory. This new thruster provides a testbed for nested Hall thruster physics
and technology development. The inner channel of the N30 shares the
geometry, anode/gas distributor, and near-eld magnetic eld shape with
the H9, a 9 kW magnetically shielded Hall thruster. This allows for direct
comparisons between the inner channel and the H9. The outer channel
also provides magnetic shielding up to 800 V, with a total discharge power
of 33 kW in dual channel mode. A new lanthanum-hexaboride cathode was
designed to enable high current operation while still tting the form factor
of the H9. The thruster passed acceptance testing with inner and outer
anode ow variations of 4.0% and 8.4% at high ow rates respectively. The
magnetic eld testing demonstrated 50% margin on the nominal strength.
Characterization of the inner channel indicates a peak thrust of 451 mN
and peak eciency of 65% at 600 V, and peak specic impulse of 2830
seconds at 800 V. Performance testing is on-going for other ring congurations and all results thus far indicate state-of-the-art performance.
Nomenclature

h()i
δ()
Id
Isp
P 2P
p
Pd
Pmag
Vd

= Average
=Deviation from average
= Discharge current
= Specic impulse
= AC peak-to-peak
= Pressure
= Discharge power
= Magnet power
= Discharge voltage
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A

lthough

I. Introduction
state of the art electric propulsion systems ying today are currently limited to dis-

charge powers less than 4.5 kW, there are a number of enabling, near and far-term architectures

that could be realized if the available power could be expanded to 100s of kWs.

13 These missions

46 , human missions to Phobos and Deimos 7 , and missions
include Mars and Moon cargo missions
8
to near-Earth asteroids , among others. In fact, a recent study also identied a viable architecture
for a solar electric crewed mission to Mars.

9 NASA views the development of these higher power

electric propulsion systems as critical for its mission and has supported them through the NextSTEP
technology development program and the Advanced Electric Propulsion System (AEPS).

1,10

While there are a number of alternative solutions currently being explored toward this end,

11,12

the University of Michigan, in conjunction with NASA Glenn Research Center, NASA Jet Propulsion Laboratory, the Air Force Research Laboratory, and Aerojet Rocketdyne, has investigated the
concept of nested Hall thrusters as a mechanism for achieving the high powers necessary. Nested Hall
thrusters (NHTs) concentrically nest multiple annular discharges together. This allows high eciency
and thrust-to-power ratios at very high powers (>50 kW) with a lower specic mass and expanded
throttling range compared to their single channel counterparts.

13 At the same time, they leverage the

nearly ve decades of ight heritage and maturity of single channel Hall thrusters. Previous nested

14,15 as well as provided
16,17
testbeds for investigations into the interactions of neutrals and magnetic elds between channels.
Hall thrusters have proved the concept at moderate and very high powers,

Additionally, they have been shown to have comparable eciency to single-channel Hall thrusters,
demonstrated at thermal steady state up to 72 kW, set the record for thrust for Hall thrusters, and
operated up to 100 kW.

18,19 However, these devices are still a nascent technology with unanswered

fundamental questions about their operation. For instance, the interaction of the two plasma streams
in close proximity and its impact on thruster behavior remains an open question. None of the previous thrusters built have a single channel counterpart for any of their channels making it dicult to
de-convolve and compare their multi- versus single-channel operation. Additionally, and perhaps of
greater importance, none of these thrusters have implemented magnetic shielding. Magnetic shielding shapes the magnetic eld in a way that increases the lifetime up to three orders of magnitude.

2023

In order to continue the development and exploration of this technology, the University of Michigan, in collaboration with the Jet Propulsion Laboratory, has developed a new 30-kW class nested
Hall thruster, the N30. This thruster is a two-channel, magnetically shielded, nested Hall thruster.
The power level was chosen based on the abilities of ground testing facilities and to enable comparison
to the H9 thruster. By implementing the magnetic shielding eld topography, we not only explore the
ability for nested Hall thrusters to achieve lifetimes comparable to their state-of-the-art single channel
counterparts, but also provide another platform to research the implications of this relatively new
advancement in the eld. Additionally, the inner channel of this device shares geometry and design
heritage with the H9, a 9-kW magnetically shielded Hall thruster.

24,25 This allows for a systematic

investigation between single-channel Hall thrusters, single-channel operation in a nested Hall thruster,
and multi-channel operation. Thus, we are better able to study the implications of multiple plasma
discharges in close proximity. To further enable both of these goals, a new high-current cathode was
developed to supply discharge current for the H9 and this N30.
The goal of this work is to present the design and some initial testing of this new NHT. As such, we
organize the paper as follows: rst, we discuss the design goals, requirements, and the component features. Major challenges presented with the respect to the design include anode uniformity, magnetic
eld design, and the need to correct for cross-coupling eects in the magnetic eld design. We also
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discuss the operating envelope and reference ring conditions in this section. We then present the
acceptance testing results, including the anode ow uniformity, magnetic eld mapping, and initial
ring. Next, we present initial testing results including thrust, oscillation mapping, and evidence of
magnetic shielding. Finally, we make concluding remarks and discuss future work for the thruster.

II. Design Process
In this section, we rst discuss the history of development leading to the N30 and then present the
overall design of the thruster.

Then, we present the overall goals and objectives of the N30, the

derived design requirements, and component features.

A. Development History
The N30 is the latest thruster in a long line of development history that began with the H6. The H6 is a
6-kW Hall thruster designed in 2006 with the purpose
of creating a uniform testbed for Hall thruster physics
and development research in the United States.

27 The

thruster was a joint development project between the
Air Force Research Laboratory, NASA's Jet Propulsion Laboratory (JPL), and the University of Michigan, with three thrusters fabricated in total.

Many

features that were included in the H6 design were
carried through to other thrusters in this series, including a plasma lens magnetic eld topography,

2830

3134 and a high
a centrally-mounted LaB6 cathode,
35
uniformity gas distributor and anode . All of these
features combined culminated in the demonstration
of new milestones in performance including 401 mN
of thrust, 1950s of total specic impulse, and 64% total eciency at the nominal, 6-kW, 300 V condition.

Fig. 1 A photo of the H6 after manufacturing. Taken from Reid. 26

When the discharge voltage was raised to 800 V, total
eciencies of 70% were achieved. The development of
this thruster led to numerous journal and conference
proceedings as well as doctoral dissertations.

As a

laboratory testbed, it also facilitated a new understanding of thruster operation at high specic impulse and helped guide the development of so-called magnetic shielding.
In 2011, JPL retrotted their H6 to incorporate magnetic shielding, designated the H6MS. The
physics of magnetic shielding emerged from a combination of experimental observations and numerical investigations. During a 10,400 h wear test of the XR-5 Hall thruster by Aerojet Rocketdyne, no
appreciable erosion occurred from 5,600 h onward.

36 JPL subsequently performed numerical simula-

tions that revealed the physics behind this low-erosion state and critically, demonstrated the eect
was not due to vacuum facility interactions.

22 The subsequent retrot of the H6 Hall thruster veried

the physics of magnetic shielding through simulation and experiments, demonstrating a reduction in
discharge chamber erosion of three orders of magnitude.

21
only a small change in performance.

20,21,23,37 This reduction in erosion came with

4
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Following the success of the H6MS, as well as numerous research studies, a collaborative eort to
design a new testbed for Hall thruster research in the United States began in 2016. This eort was
led by JPL in collaboration with the University of Michigan and the Air Force Research Laboratory.

24 This new thruster, the H9, shared many critical components with the H6MS, including the

discharge chamber geometry and anode design. Thus, research performed on the thruster could still
be compared to the H6 variants. However, because this thruster was designed from conception to
be magnetically shielded, it was not limited by the same constraints that the retrot of the H6 was.
Additionally, this thruster was designed for high-Isp operation at 9 kW and 800 V. At the comparable
300 V, 6 kW condition, this thruster produced 384 mN of thrust and 1970 s of total specic impulse

25 These numbers are within 1.5% of its counterpart, the H6MS, all while
21
achieving a higher degree of shielding.
all at 62% total eciency.

(b) A photo of the X2 taken from Liang. 14

(a) A photo of the H9 Hall thruster.

Beginning in 2009, the development of nested Hall thrusters (at the University of Michigan) began.
The rst nested Hall thruster in this line was the X2, a two-channel NHT, led by the University
of Michigan in collaboration with the Air Force Research Laboratory.

14,38,39 This thruster, capable

of discharge powers up to 10 kW, was developed as a proof-of-concept for nesting multiple channels
together.

39 Because nested Hall thrusters have a variable discharge area, they enable a wider oper-

ational envelope. For instance, the X2 conrmed operation between 1000 and 3000 s of Isp all at 6
kW by switching the ring congurations.
high specic impulse or high thrust.

39 This allows the operator to choose their operating mode:

Alternatively, nested Hall thrusters enable a high eciency,

high specic impulse mode over a much wider range of operating powers. This is particularly critical
for deep space missions where available power changes depending on the spacecraft's distance to the
sun. Additionally, some initial work on the X2 indicated that dual channel operation may lead to
enhanced performance compared to the sum of single channel operation on nested Hall thrusters.

14,16

Finally, the X2 proved that nested Hall thrusters could run o a single centrally-mounted cathode.
Upon validation of the nested conguration, work began on the development of a much higher power

5
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Fig. 3 The X3 Hall thruster (taken from Hall) 40
nested Hall thruster. This thruster, the X3, was a joint development project between the University of
Michigan, the Air Force Research Laboratory, JPL, and NASA's Glenn Research Center.

15,40 The X3

is a three-channel NHT and was designed for operation up to 200 kW. The scaling of each channel is
more similar to the H6 family than the X2. This thruster incorporated the magnetic lens topography
on NHTs and continued the validation of the NHTs for high-power electric propulsion. Testing of this
thruster is ongoing with the X3 being selected as part of NASA's NextSTEP technology development
program.

10 During the NextSTEP program, the X3 Hall thruster demonstrated the highest power

(102 kW), highest discharge current (247 A), highest thrust (5.4 N) ever produced by a Hall thruster,
and achieved thermal steady state at 72 kW.

18,19 These results helped demonstrate and validate the

technology is relevant to the type of missions discussed earlier.
Throughout the process of X2 and X3 testing, certain limitations of these thruster emerged. First and
foremost, since their development took place before the advancement of magnetic shielding, neither
have incorporated this lifetime extending technology. Since most high-power missions under consideration are deep space, the demonstration of this magnetic eld conguration on NHTs is critical. The
NextSTEP program, for example, ultimately has the goal of demonstrating

>10000

h of operation.

While an ocial lifetime has not been stated, simulations indicate the X3 boron nitride will have

41,42 Moreover, the HERMeS thruster was developed with a 50 kh require43 Additionally, throughout testing, we
ment, which is more in line with most deep space missions.
eroded 10 mm by 10000 h.

uncovered many ways in which the channels interact with each other such as neutrals emanating from
one channel impacting other channels through ingestion and acceleration region location movement,
magnetic eld interactions, and oscillation behavior changes depending on ring conguration.

1418

However, since no channel on either thruster has a single channel counterpart, it is dicult to deconvolve the exact implications of nesting channels together. Understanding these implications is critical
to their development towards ight. As such, in 2017, the University of Michigan, in collaboration
with JPL and supported by the NASA Space Technology Research Fellowship, began development of
a third nested Hall thruster, the N30. A picture of the thruster and cathode after manufacturing can
be seen in Fig. 4. The details of the objectives, specications, and component features are elaborated

6
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upon in the following sections.

Fig. 4 Left - A picture of the N30 after manufacturing before initial plasma. Right The model (top) and a picture (bottom) of the new 60 A LaB6 cathode designed for the
thruster after initial testing.
B. Purpose and Objectives
The main objective of the N30 was to continue the development of nested Hall thrusters towards
their path to ight as well as provide a testbed for thruster physics and developments in technology.
With these high level goals in mind, the specic objectives of the device were to:

•

Implement a magnetic circuit that provides magnetic shielding up to 800 V in any ring conguration,

•

Provide a high-power (25-50 kW), high specic impulse (up to 3000 seconds) laboratory nested
Hall thruster capable of being tested at facilities in the United States at relevant pressures (less
than 20µTorr),

•

Provide a mechanical design that is simple and exible such that it can accommodate various
diagnostics and potential hardware changes,

•

Have the inner channel have an identical geometry and a similar magnetic eld shape to a well
benchmarked single channel thruster in order to study channel interactions and the dierences
between single channel and nested Hall thrusters,

•

Provide a testbed for NHT lifetime studies; specically, be able to investigate if magnetic
shielding on nested Hall thrusters achieves the same reduction in channel erosion as well as
investigate pole erosion of shared poles.
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C. Requirements
The design requirements for the N30 are derived from the purpose and objectives listed above. One
of the main goals of the N30 is for the inner channel to be as similar to the H9 design as possible
such that results between the two thrusters are easily comparable.

24 With this in mind, there are

many similarities between the N30 inner channel and the H9. These include identical discharge chamber geometries (mid-channel diameter, channel width, and channel length), an identical anode/gas
distributor design, and an internal (to the discharge chamber) magnetic eld shape that is nearly
identical. Due to dierences in the surrounding magnetic material environment, it is impossible for
these elds to be identical in the far eld (outside of the discharge chamber).
As with the H9, a segmented discharge channel with replaceable rings near the exit region was
implemented for both channels to enable future research into material selection. Additionally, there
were several requirements for the outer channel and the thruster as a whole.
requirements include graphite pole covers to mitigate pole erosion

Some thruster-wide

44 , a magnetic circuit that provides

dual-channel magnetic shielding as well as the ability to operate in single channel and dual channel
modes, a consideration for the thermal environment of the thruster to enable high-power dual channel
operation, and a single, high-current LaB6 hollow cathode. The cathode design was further restricted
to ensure that it could be used on both the H9 and the NHT in order to eliminate cathode changes as
a dierence in operation. Finally, there were two main requirements for the outer channel: (1) proper
scaling to ensure high-specic impulse (same as the inner channel) operation and (2) a anode/gas
distributor design that was similar to the inner channel.

Table 1 Reference Firing Conditions for the N30.
Inner

Inner

Inner

Outer

Outer

Outer

Total

Voltage

Current

Power

Voltage

Current

Power

Power

(V)

(A)

(kW)

(V)

(A)

(kW)

(kW)

300

15

4.5

300

38.9

11.7

16.2

300

20

6

300

51.8

15.5

21.5

400

15

6

400

38.9

15.5

21.5

500

15

7.5

500

38.9

19.4

27.0

600

15

9

600

38.9

23.3

32.3

800

11.25

9

800

29.2

23.3

32.3

Table 1 details the matrix of Reference Firing Conditions (RFCs) used to benchmark performance.
There exist 18 reference ring conditions. The rst six conditions in the table (rst three columns)
are for the inner channel operating alone and are identical to the H9 RFCs.

24 The next six (columns

four to six) are for the outer channel operating alone. They are scaled from the inner channel RFCs
to maintain the same current density among the two channels. Finally, the last six conditions are
dual channel operation and are simply the summation of the inner channel operating alone and the
outer channel operating alone. The total power for these six conditions is listed in the last column
of the table.
Figure 5 depicts the full operational envelope for the N30. This operational envelope is estimated
from experience with the H6, H6MS, H9 and HERMeS Hall thrusters.

24,43,45,46 Similar to the H9, the

maximum possible combined (inner and outer channel) thrust is estimated to be 2.0 N at a discharge
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Fig. 5 A graphic representation of the full operational envelope of the thruster. The
dots are the reference ring conditions for each ring conguration: inner channel only,
outer channel only, and dual channel.
current of 144 A and voltage of 225 V. At 800 V, we expect the specic impulse to reach at least 2900
s.

These predictions assume power can be added linearly when predicting dual channel operation

despite knowing that the channels interact. One feature that is evident from the operating envelope
is the overlap of achievable powers between dierent operating conditions. This feature, unique to
nested Hall thrusters, allows for a larger range of thrust and specic impulse values for a given power
depending on current mission needs. In other words, this graph depicts that high specic impulse
performance is achievable over a much wider range of power levels (7 kW to 32 kW) than traditional
Hall thrusters.

D. Component Features
1. Discharge Chamber
Similar to the H9, both discharge chambers (inner and outer) have a U-shaped wall and replaceable

24 This design, originally from the H6, allows for easy integration of wall probes
37,4749
or a change of material to study plasma interactions.
rings near the exit.

Figure 6 schematically shows this base and ring conguration.
bers and all rings are made from a borosilicate ceramic.

Nominally, both discharge cham-

The inner discharge chamber shares the

same mean diameter, length, and channel width as the H9. The outer discharge chamber shares the
same length as the inner. The scaling for the mean diameter and the width for the outer channel was
based on previous experience with the X2 and X3 as well as necessary spacing to t the magnetic
circuit.

14,15

9
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Fig. 6 A notional schematic of each discharge chamber for the NHT featuring an anode,
a discharge chamber base and removable rings. Not to scale.
2. Anode/Gas Distributor
The combined anode and gas distributor is used to inject neutral propellant into the discharge chamber as well as provide the bias for the axial electric eld. The anode for the inner channel, previously
described

26,35 , ensures high azimuthal uniformity of the neutral gas which is critical to ecient op-

eration.
While the gas distributor geometry for the outer channel was scaled similarly to the scaling for
the discharge chamber, the scaling of a few key parameters meant to achieve high ow uniformity,
such as number of propellant inlets, were initially unknown. Thus, to ensure that the outer anode
achieved similar performance to the inner anode, we performed numerical simulation on a variety
of geometries. A three-dimensional simulation of xenon neutrals was performed using the computer
code Monaco, an implementation of the direct simulation Monte Carlo method (DSMC).

50,51 The

geometries considered were the entire anode geometry as well as the discharge chamber and rings.
We used a diuse wall condition at the thruster channel walls, and particles were allowed to escape
the domain at the discharge chamber exit plane. The only location of inow was at the anode inlet
tubes. Simulated number density proles were then extracted, in the same axial location as previous
experimental anode ow uniformity tests to compare case to case.

24,25 Once a suciently uniform

(criteria to be discussed in Section IV,A) was achieved with the simulation, the design for the outer
anode was nalized.

3. Cathode
The cathode supplies electrons for both the discharge and neutralization of the plume.

Here, we

use a centrally-mounted lanthanum hexaboride (LaB6 ) hollow cathode. This device is similar to the

25,33,34 The original component used for the H9 testing
31,32 However, at its highest nominal operating
has been operated up to 60 A during development.

cathodes used for all the H6 and H9 testing.

condition, the N30 requires 71.8 amperes of current.

Thus, a new cathode was required for this

thruster. In order to achieve higher current, the LaB6 insert size was increased to permit currents up
to 100 A. However, the overall form factor of the cathode did not change. This was critical to enable
this device to be used with both the H9 and N30 thrusters. Additionally, there are design features on
the cathode that ensure the exit plane of the keeper is at the same axial location on both thrusters.
During initial testing, the cathode was operated up to 60 A. This device is now the nominal electron
source for both thrusters.

10
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4. Magnetic Circuit

Anode

Anodes

Magnetic Circuit

Magnetic Circuit

Magnetic Field

Inner Pole
Cathode

Cathode
Electromagnet

Electromagnet

Propellant

Propellant
Ceramic Wall

Ceramic Wall

Shared Pole
Propellant
Outer Pole

Fig. 7 A schematic detailing the dierences between a standard Hall thruster (left)
and a nested Hall thruster (right). Most notably, the nested Hall thruster has shared
magnetics between each channel making magnetic eld design challenging.
The magnetic eld was numerically simulated using Infolytica's MagNetv7.7 software. A signicant
portion of the eort during the design phase was spent on the magnetic eld, as the design of nested
Hall thruster magnetic elds is inherently more complicated than single channel thrusters. This complexity is illustrated in Figure 7. When the thruster is operating in single channel mode (either the
inner or outer), a NHT magnetic circuit acts similar to a standard Hall thruster. That is to say, the
channel has two dedicated electromagnets and similar pole pieces. There still exists more physical
magnetic material; however, the material from the other channel does not impact the eld shape
signicantly. When running in dual channel mode, the outer magnetic poles for the inner channel
also act as the inner magnetic poles for the outer channel. This shared pole makes the design of the
magnetic circuit complicated as small changes impact both eld shapes. Additionally, previous work
showed that NHT magnetic elds are not simply the summation of single channel eld and each ring
condition must have its eld optimized separately.

25

Similar to the H9, the NHT does not use discrete outer coils.
of the magnetic eld.

This ensures azimuthal uniformity

In order to achieve the magnetic eld shape and structure, we employ four

electromagnets, two dedicated to each channel. These electromagnets allow us to vary the strength of
the magnetic eld and easily achieve 800 V operation of the thruster while remaining fully shielded.
The saturation properties of the magnetic circuit for each channel are equal or better to those of the
H9's circuit. While the starting geometry for the inner channel was that of the H9's, changes were
made to the poles to ensure that the eld in the discharge chamber was nearly identical to that of
the H9's. The outer channel eld has a similar shape, symmetry, and centerline prole as the inner
channel.

The downstream gradient of the eld reduced in magnitude due to the widening of the

channel as seen in Figure 8. Importantly, the depth of the grazing line is similar between the two
channels.
Simulations by Mikellides et al. of the X3 showed that the dierence in magnetic eld gradient on
channel centerline between the outer channel and the inner and middle channels led to changes in

11
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Fig. 8 Centerline proles for all congurations of the magnetic eld. The increase in
the gradient for the inner channel alone versus in dual channel mode is evident.
downstream plasma potential.

42 They suggested that there was further room for magnetic eld opti-

mization because this change of gradient could impact the cathode coupling voltage and accelerating
voltage for the channel. However, we found here that this change in magnetic eld gradient dierence
of the peak is in fact inherent to the design of nested Hall thrusters. A simple dipole model shows
that the presence of an outer magnetic eld in fact squeezes the gradient on the inner channel.
Thus, the inner channel gradient will always be greater than the outer channels in dual channel mode
(as seen in Figure 8). This leads to the conclusion that it will always be challenging to get the same
plasma potential downstream of the inner and outer channels. Additionally, cathode coupling will
always be slightly dierent between the two channels.
The nal and most critical part of the magnetic eld design process was to optimize the eld for
all ring congurations. Previous worked showed that not optimizing the eld for each ring conguration of an NHT could drive the plasma into the walls, leading to degrading performance and higher
thruster oscillations.

17 Additionally, since magnetically shielded thrusters require the plasma to be

shielded from the walls, non-optimized eld could impact thruster lifetime. Thus, prior to manufacturing, simulations were performed to ensure that each ring conguration produced a shielded
topology and to optimize the elds only changes to the electromagnet setpoints were necessary.

5. Other Features
While the component features listed above are most critical, there are several other important features of the thruster worth noting. First, many steps were taken to mitigate the high thermal load of
the plasma and maintain reasonable temperatures for the thruster. These include the anodization of
the thruster stand and a spray coating on the outer guide of the thruster. These processes both aim
to increase the emissivity of their respective parts to enhance radiative heat transfer. Similarly, many
parts of the magnetic circuit were sand-blasted to enhance their emissivity and encourage heat
transfer to the outer surfaces of the thruster. In order to monitor the temperatures of the thruster,
many thermocouples were integrated and embedded throughout to observe real-time thruster health.

12
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The nal two features of note are the pole covers and the thruster electrical conguration. Graphite
pole covers were incorporated on the downstream surface of all poles.

These pole covers prevent

the erosion of the magnetic pole surfaces, which is known to be higher for magnetically shielded
thrusters than unshielded thrusters.

52,53 Additionally, while there is the ability to run the thruster

in any electrical conguration, the nominal conguration is cathode-tied, where the body voltage is
electrically-tied to cathode potential. This conguration limits the oating potential of the thruster
to reduce pole erosion and extend lifetime.

43,54,55

III. Test Equipment
In this section, we describe the facility and diagnostics used for acceptance testing and initial ring.
We rst detail the vacuum facility and then discuss the acceptance testing equipment, thrust stand,
and probe system used.

A. Facility

Fig. 9 A picture of the full setup inside the Large Vacuum Test Facility for initial ring
All testing (including anode ow testing) occurred in the Large Vacuum Test Facility at the University
of Michigan. The facility, which is six meters in diameter and nine meters long, uses four mechanical
pumps to achieve rough vacuum. The chamber has thirteen LN2 -baed TM-1200 CVI cryopumps
and six copper cryogenic thumpers in order to achieve high vacuum. Typically, eighteen of the nineteen pumps were used during operation. Pressure was monitored using a Series 370 Stabil Ion gauge.
The chamber was outtted with two gauges: one on the wall of the facility and one mounted roughly
1 meter from the thruster in line with the exit plane. The latter gauge had a grounded copper mesh
surrounding the entrance to prevent ambient plasma from entering. All pressures reported are from

13
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(b)
(a)

Fig. 10 Schematic of the setup for both (a) the magnetic eld mapping and (b) the
anode ow uniformity testing.
the latter per industry standard.
pressures varied from 4 to 16

56 Base pressures were below 0.1

µTorr-Xe

and typical operational

µTorr-Xe.

While nested Hall thrusters can be run o a single power supply, we used an independent commerciallyavailable power supply for each channel. The inner and outer channel power supplies have a maximum
output power of 60-kW and 150-kW respectively. The negative side of the power supplies (cathode
return) were shorted together at the power feedthrough into the chamber. Power for the four electromagnets, heater, and keeper was supplied from external, commercially-available rack-mounted
supplies.

Three commercially-available ow controllers were used to supply aerospace propulsion

grade xenon to the cathode, inner anode, and outer anode.

B. Diagnostics
1. Acceptance Testing
In order to verify that both the magnetic circuit was properly constructed and that the eld matched
our simulations, we mapped the thruster's magnetic eld with a 3-axis Gaussmeter and compared
the measurements to the simulations. A schematic of the setup can be seen in Figure 10a. We took
two-dimensional (r-z) maps. Additionally, we measured the maximum centerline radial magnetic eld
to assess saturation of the circuit. Finally, we performed all these studies in all three magnetic eld
congurations.

In order to pass acceptance testing, we establish the follow criteria: a qualitative

agreement of the two-dimensional maps of simulated versus measured elds and a 25% margin on the
nominal magnetic eld for saturation onset (greater than 5% deviation from linearity).
The second major acceptance test performed was the anode ow uniformity test.

The setup for

this test can be seen in Figure 10b. Azimuthal ow uniformity was assessed by neutral density testing with a Series 370 Stabil Ion Gauge. The discharge chamber, BN rings and anode were placed on
a rotational stage with the ion gauge inlet located radially on channel centerline and axially midway
through the discharge chamber.

26 Each anode (inner and outer) were measured at 36 evenly dis-

tributed azimuthal points. For the inner channel, we performed these tests at 2 mg/s and 20 mg/s.
For the outer channel, we performed these tests at 5 mg/s and 50 mg/s.

The dwell time at each
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test point was 10 seconds. For the inner anode, an acceptable ow uniformity criterion of deviations
up to 10% (δ pmax ) from the mean value (hpi) was used during testing.

57 For the outer anode, while

the same criterion is desired, this would be particularly challenging at the lower ow rate since the
internal volume of the anode is signicantly larger. The X3 Hall thruster used deviations of up to 24%
from the mean value for the large anodes.

40 The middle anode of that thruster exhibited uctuations

40 Based on this, we relax our criterion from the inner anode to be 20% of the mean value
of 14.7%.
for the low ow case while maintaining a criterion of 10% for the high ow case.

2. Standard Telemetry
Standard telemetry (DC values) was recorded using LVTF's data acquisition system which is LabView
based, optically isolated, and logs data every 1 second. These values include electromagnet, heater,
keeper, discharge, and body currents and voltages, facility pressure, anode and cathode ow rates,
and cryo and thruster temperatures.

Additionally, high-speed thruster oscillations were measured

using Tektronix AC coupled clamp-on current probes and Tektronix high-speed dierential voltage
probes. We then recorded the anode current oscillations, cathode current oscillation, discharge voltage
oscillations, and cathode-ground voltage oscillations using a four-channel 500 MHz, 5 MSa/s per
channel Agilent oscilloscope.

3. Thrust Stand
We measured the thrust produced using an inverted pendulum thrust stand.

58,59 A picture of the

thruster on the thrust stand is shown in Figure 10. The thrust stand was water cooled to maintain
a constant power. The thrust stand operated in null mode with active inclination control. The displacement was measured using an optical sensor. The thruster was run through an outgassing and
warm up procedure before any measurements were taken. Calibrations were performed by dropping a
series of known mass weights; inclination was controlled during calibration. An inclination calibration
was also performed and inclination drift was accounted for in post-processing.
In order to accommodate the higher-than-average mass of the thruster, a number of changes were
made to the thrust stand. Here, the nominal thrust stand condition is that of the H9. Most notably,
the spring used as a restoring force was changed to a stier spring and the exures were changed
to torsional bearings that can support higher masses.

Both of these changes had previously been

18 Nonetheless, in order to ensure that the thrust stand was still reporting
done for testing the X3.
reliable thrust values, we validated this new conguration by testing the H9 on the stand. To get
reasonable response, we also added dummy masses to the stand to simulate the higher mass of the
NHT. We tested the H9 at two of its nominal conditions (300 V, 15 A and 600 V, 15 A). The results
showed the thrust measured was well within uncertainty as compared to the nominal conguration.
The measured uncertainty for the thrust stand was 3%.

4. Probes
To assess plume symmetry, we used a far-eld Faraday probe. The probe had a collector diameter of
6.1 mm and was swept azimuthally from 0 to 180 degrees. To ensure ion saturation, the collector and
guard ring were biased to -20 V. Current was measured using a Keithley Series 2400 Sourcemeter.

IV. Acceptance Testing
In this section, we rst present the results from the anode ow uniformity testing and then the results
from the magnetic eld mapping.
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A. Anode Flow Uniformity
Figure 11 shows the results of the anode ow uniformity testing. The facility pressure during this
testing was between 1 and 10

µTorr-Xe.

The inner anode is well within acceptable limits with the

largest deviations at low ow being 4.6% and at high ow being 4.0%. For the outer anode, the largest
deviations were 15.3% at low ow and 8.4% at high ow. The low ow condition saw higher deviations
from the mean than high ow, however this is expected and the outer anode is never expected to run
at 5 mg/s. Regardless, all conditions met the acceptance criteria and thus we determined that both
anodes passed ow uniformity testing.

(b) Outer Anode

(a) Inner Anode

Fig. 11 Results of the anode ow uniformity testing for both anodes.
B. Magnetic Field Testing

(a)

(b)

Fig. 12 Saturation Prole for the Dual Channel Magnetic Field
Overall, the two-dimensional mapping revealed that each thruster conguration matched the simulation very well.

Figure 12a shows the response of the magnetic circuit with increasing inner coil

current with a constant coil ratio. In order to facilitate ease of comparison between cases, the inner
coil current has been normalized. Note that only simulation data above normalized current of 0.5
is presented. Overall, the results indicate that the circuit is linear up to magnetic elds 50% higher
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than nominal strengths. This allows for a margin on the strength and expanded research capabilities.
Figure 12b shows this more clearly by plotting the departure from linearity versus magnetic eld. In
order to generate this plot, we predict the strength for a given coil current based on the strength at a
normalized inner current of 0.25 (using a ratio). We then compared the predicted value to the actual
measured value. This departure does not go above 5% until the normalized magnetic eld is above
1.5. It is also critical to note that Figure 12a demonstrates very close agreement with the simulation,
particularly in the saturation region. At many of the points, the simulation and experimental data
are indistinguishable.

(b)

(a)

Fig. 13 Saturation proles for the inner channel only magnetic eld (a) and outer
channel only magnetic eld (b).
Similarly, Figure 13 indicates the deviations from linearity for the single channel congurations. These
results show that the single channel congurations show less saturation as compared to the dual channel eld. This indicates that these elds actually have greater margin than in dual channel mode. This
is likely due to less magnetic ux being pushed through the material in single channel mode. Given
these results and qualitative observations of the two-dimensional mapping, we ultimately determined
that all three thruster congurations pass acceptance testing.

V. Performance Testing
In this section, we present the initial performance testing of the thruster including evidence of magnetic shielding, current density, oscillation and thrust measurements.

Unanticipated challenges in

the implementation of a continuous monolithic piece of borosilicate ceramic for the outer channel
discharge chamber precluded most outer channel and all dual channel measurements in this initial
campaign (discussed more in Sec. VI). Therefore, we only report inner channel performance.
A picture of the thruster, during rst lighting, is shown in Figure 14. We see both the inner and outer
channels running alone here.

Qualitatively, the plumes look characteristic of typical Hall thruster

plumes.

A. Magnetic Shielding
Throughout the test campaign, there were many qualitative indications that the channels were magnetically shielded. Typical qualitative indications of magnetic shielding include low luminosity near
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(a)

(b)

Fig. 14 A picture of the inner channel running alone at 300 V, 15 A (a) and the outer
channel running alone at 300 V, 38.85 A (b). Note, the camera settings are not the
same between these two photographs.
the walls and carbon build-up on the walls.

24,60 For an unshielded thruster, there is high lumines-

cence radially throughout the discharge chamber. However, with a magnetically shielded thruster, a
low electron temperature is expected near the wall because the grazing line samples low temperature
plasma near the anode and magnetic eld lines are approximately isothermal. This low electron temperature then leads to low luminescence. This feature can been seen on the inner channel in Figure
15a.
Additionally, for unshielded thrusters, we expect to see carbon deposition (from the downstream
beam dump) deep into the discharge chamber. Closer to the exit plane however, the rings should
remain white from erosion. For shielded thrusters, the walls would remain coated even near the exit
plane. Figure 15b shows a picture of the inner channel after approximately 50 hours of ring. We see
that the entirety of the discharge chamber (both inner and outer walls) is coated in carbon, again suggesting that the thruster is magnetically shielded. Additionally, chamfer laser induced uorescence
measurements conrming magnetic shielding were taken and will be published in the near future.
We note that these observations alone are not sucient to claim the thruster is shielded. However,
these indications, in combination with the heritage from the H9 and H6MS, give us condence to
say that it is shielded. Finally, while we are unable to assess the shielding of dual channel mode, we
are condent that this conguration will also be magnetically shielded based on the magnetic eld
mapping, heritage, and the indications given in single channel mode.

B. Oscillations
We characterized the plasma oscillations of each channel. Table 2 shows the anode current peak-topeak, discharge voltage peak-to-peak, and the rst and second peak frequencies (highest and second
highest amplitude) of the power spectrum for each reference ring condition for the inner channel.
The peak magnetic eld strength was the same for each condition and the same as the H9. Interest-
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(a)

(b)

Fig. 15 A picture of the inner channel running (a) where a region of high light emission
can be seen at the center of the channel; near the walls, there is signicantly lower light
emission. A picture of the inner channel (b) after approximately 50 hours of ring
showing carbon buildup over the entire wall.
Table 2 Plasma Oscillations for the Inner Channel Reference Firing Conditions
st Peak

1

nd Peak

Voltage

Current

Current P2P

IP 2P /Id

Voltage P2P

VP 2P /Vd

2

(V)

(A)

(A)

(%)

(V)

(%)

Freq. (kHz)

Freq. (kHz)

300

15

5.2

34.8

23

7.7

43.9

8.4

300

20

6.8

34

27

9

9.3

46.2

400

15

12.5

83.4

48

12

24.8

9.8

500

15

12.5

84.5

55

11

63.1

14.8

600

15

12.1

81.3

53

8.8

66.4

10.8

800

11.25

8.8

78.2

68

8.5

77.6

14.0

ingly, the peak frequency for each condition is higher than a typical Hall thruster breathing mode.
We believe this frequency to be associated with the cathode.

61,62 It is possible that these cathode

oscillations are stronger than the original H9 measurements because the cathode used is a new cathode with a higher nominal current and ow rate. Thus, at lower currents and ow rates, the cathode
oscillations increase.

33 By comparison, the cathode oscillations did not dominate the H9 until 500 V.

Based on this evidence, we believe the breathing frequency to be the frequency of the second highest
amplitude. These frequencies are similar to the H9 breathing frequencies (between 9 and 18 kHz).

24

Figure 16 shows the power spectrum of these oscillations in which the cathode oscillation and breathing frequency are evident. Similar to the H9, there still exists a clear transition at about 500 V where
the cathode oscillations become more peaked. Oscillation data from the outer channel (300-500 V)
showed no prominent cathode peak until 500 V; however, the breathing frequency was much higher
(19-35 kHz). This emergence of the cathode peak at higher voltages is similar to the behavior of the
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Fig. 16 Power spectrum of the discharge (anode) current oscillations for all reference
ring conditions for the inner channel.

Fig. 17 Magnetic eld sweeps for a selection reference ring condition for the outer
channel. The plots show mean discharge current and peak-to-peak for varying magnetic
eld strength.

20

The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 1520, 2019

Fig. 18 Magnetic eld sweeps for each reference ring condition for the inner channel.
The plots show mean discharge current and peak-to-peak for varying magnetic eld
strength.
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H9. The lack of cathode oscillations at low voltage is likely due to the much higher ow rates through
the cathode (2.7x at 300 V), which have been shown to damp oscillations.

33

Finally, Figures 17 and 18 plot the mean current and peak-to-peak oscillations for the ring conditions presented here.

Overall, we see that the N30 is stable over the RFCs with the highest

peak-to-peak amplitude at 101% of the mean current. The dominant frequencies are typical of magnetically shielded Hall thrusters.

43
stability margin.

24,61,62 The magnetic eld sweeps also show a wide range of magnetic

C. Performance
Once the nominal magnetic eld had been determine, we performed thrust measurements at each of
the RFCs for the inner channel. Table 3 shows the results from this study. Telemetry shows that the
cathode-ground voltage varied from -10.6 to -12.1 V and the body current varied from -0.56 to -1.73 A.
The negative sign indicates electron current is collected on the body . Overall, the thrust, eciency,
and specic impulse are in line with other state-of-the-art magnetically shielded thrusters.

21,24,25,43

The thrust ranges from 292.1 to 450.6 mN with a peak specic impulse of 2831 seconds at 800 V
discharge voltage and a peak eciency of 65.2% at 600 V.

Table 3 Thrust and Performance Metrics for the Inner Channel at all RFCs
Vd

Id

Pd

Anode

Cathode

Pmag

Thrust

Total Isp

(V)

(A)

(kW)

(mg/s)

(mg/s)

Pd

(mN)

(s)

300

15

4500

14.70

1.03

1.60%

292.1

1893

0.593

5.1

300

20

6000

18.30

1.28

1.20%

376.6

1960

0.596

6.3

400

15

6000

15.26

1.07

1.19%

351.2

2189

0.619

5.3

500

15

7500

15.91

1.11

0.94%

406.4

2434

0.641

5.5

600

15

9000

16.00

1.12

0.78%

450.6

2680

0.652

5.6

800

11.25

9000

13.18

0.98

0.82%

392.9

2831

0.603

4.7

Total E

Pressure
(µTorr-Xe)

D. Ion Current Density
Figure 19 shows the far-eld ion current density traces for both the inner and outer channels. Qualitatively, for both channels, we see evidence of plume symmetry at each operating point. There are
some slight dierences (imperceptible) in the height of the two peaks for each case, which can be
attributed to variations in neutral density azimuthally as shown in anode ow uniformity measurements. However, the dierence in peak height is less than 10% for all traces taken (all six conditions
for the inner channel and the three cases presented for the outer channel). These traces indicate that
each channel performs as expected across the nominal operating envelope.

VI. Discussion
One the key goals of the N30 was to create a nested Hall thruster where the inner channel is geometrically the same as the H9. Thus, we would have the ability to make direct comparisons between
the performance of the inner channel in the thruster is various modes with the H9. As a baseline, we
compare the inner channel operating alone and the H9. The dierences between these two congu-

22

The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 1520, 2019

(a)

(b)

Fig. 19 Ion current density measurements with increasing voltage for the inner channel
(a) and outer channel (b) at constant current.
rations are the amount of magnetic material present, the thermal environment, and subtle changes
to the magnetic eld shape in the far-eld. The peak magnetic eld magnitude was the same. The
results of this comparison are seen in Table 4. The 800 V condition is not presented because data
for the H9 at the same settings is not available. Overall, we see that the H9 and the inner channel of
the NHT have very similar performance. Almost all values are within their uncertainties. This result
indicates two key ndings: (1) we were able to reproduce the H9 as the inner channel of an NHT
and (2) running a thruster in a dierent thermal and magnetic material environment does not have
drastic impacts on the performance.

Table 4 Comparison of the inner channel of the N30 and the H9 at ve RFCs. Standard
error for the NHT results was 3%.
Thrust (mN)

Total Isp (s)

Total Eciency

Condition

H9

NHT

% Di

H9

NHT

% Di

H9

NHT

% Di

300V, 15A

286.8

292.1

1.8%

1914

1893

-1.1%

0.598

0.593

-0.8%

300V, 20A

371.8

376.6

1.3%

1987

1960

-1.4%

0.603

0.596

-1.1%

400V, 15A

345.1

351.2

1.8%

2196

2189

-0.3%

0.619

0.619

0.1%

500V, 15A

392.8

406.4

3.5%

2422

2434

0.5%

0.622

0.641

3.0%

600V, 15A

435.6

450.6

3.4%

2652

2680

1.0%

0.629

0.652

3.5%

While there are no drastic dierences between the H9 and the NHT inner channel, there are a few key
variations to note. The body current collected is notably higher for the NHT than the H9. This is
not surprising as the NHT has a much larger area to collect body current over due to the presence of
another channel. Additionally, the mass ow rates (2-3%) and thrust (1.3-3.5%) were slightly higher
for the NHT than the H9. Regardless, the performance dierences are on the order of the uncertainty
of the measurements. That is why, despite having slightly higher thrust for all conditions, the specic
impulse and eciency see both increase and decreases between the two thrusters.

However, it is

important to note that the NHT inner channel studies occurred at 60-70% lower pressures than the
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H9 due to dierences in pumping speed between the two tests. Based on H6MS results, changes in
pressure should not lead to large changes in thrust; however, it can have a more noticeable impact
on total ow. Therefore, at equal pressures, the ow rates would likely be the same

63 Should this

be true, when operating at the same pressures, there may exist a 2-3% increase in specic impulse
and eciency for the inner channel of the NHT as compared to the H9 across the board.

This is

likely due to the thermal dierences, where the NHT was, on average, operating at approximately
200

◦ C less than the H9. Additionally, subtle changes in the far-eld magnetic eld could impact the

location of the acceleration region and the cathode coupling. Movement of the acceleration region,
with pressure, could account for dierences in mass ow rates as well.
The N30 is a signicant step for nested Hall thruster technology, and we showed here state-of-theart performance and magnetic shielding. However, there do remain some key challenges. First and
foremost, we have yet to run this thruster up to full power. Based on heritage arguments and some
basic thermal calculations, we believe the thruster will be thermally stable over its entire operating
range. However, it is challenging to know whether we will encounter thermal issues at 33 kW until
we test at this condition. While we took measured steps to improve the thermal environment, the
compactness of the thruster will always make thermal stability a dicult endeavor. Finally, a large
area for improvement lies in discharge chamber materials. As mentioned earlier, challenges with the
discharge chamber precluded most testing with the outer channel. Likely, this was due to thermal
expansion mismatches and tolerance-ing of the machined parts. For much larger parts (such as this
discharge chamber compared to the inner), small issues with either of these can have much larger
consequences due to accumulated errors on large diameters. We believe moving away from a single
monolithic piece of ceramic would be advantageous. Due to advances in magnetic eld topologies,
graphite discharge chamber walls are now feasible.

37 Applying these new materials and designs to

large channels in nested Hall thrusters is critical for future next generation missions from a cost and
manufacturing perspective.
The main goals of the N30 were to design and implement a nested-channel thruster with a magnetic shielding topology, capable of 25-50 kW of discharge power. Additionally, we wanted the inner
channel to share geometry with the H9 to enable channel interaction studies, to provide a NHT
testbed, and to make the design modular for ease of diagnostic and mechanical changes. Considering
the work presented here, we believe all of these goals have been accomplished. Indeed, all expect the
discharge power capabilities have been demonstrated and considering the power levels each individual
channel has been capable of, there exist no indications that this last goal has not been achieved.

VII. Conclusion
We presented here the design, fabrication, assembly and initial testing of the N30 dual channel magnetically shielded thruster. This thruster represents the rst nested Hall thruster with the magnetic
shielding topology. Notably, the inner channel of this thruster has the same geometry and similar
magnetic eld as the H9, allowing for a better understanding of nested Hall thrusters moving forward.
The anodes passed initial acceptance testing with maximum anode ow uniformity deviations ranging from 4.0-8.4% at the high ow condition. The magnetic circuit passed magnetic eld mapping,
showing at least 50% margin on the nominal magnetic eld setting. Saturation of the magnetic circuit was accurately predicted by the model. Characterization shows the inner channel reaching peak
eciencies of 65% and peak specic impulses of 2831 seconds which is within 4% of the H9 thruster.
We successfully demonstrated magnetic shielding of the inner channel up to 800 V. The thruster
showed a wide range of stability over magnetic eld strengths for both the inner and outer channel.
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Faraday probe measurements showed plume symmetry within 10% peak height. Characterization of
the outer channel and dual channel congurations is ongoing. Indications are that the NHT is performing similar to other state-of-the-art magnetically shielded Hall thrusters. provides preliminary
evidence that shielding can be achieved in a. nested geometry. On-going work is being performed
for outer channel and dual channel operation. This moderate power device will serve as a laboratory testbed for addressing outstanding questions related to technology development, feasibility, and
channel interactions in nested Hall thrusters.
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