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Abstract

Hall effect thruster (HET) component manufacturing defects can result in non-uniformities in
the plasma plume, significantly affecting thruster performance. The present work quantifies the
effect of an azimuthal magnetic field gradient on the thrust, stability, and efficiency of a 5 kW
HET. The study introduces an azimuthal magnetic field gradient inside the discharge channel of
the P5, a 5 kW HET, through modifications of the outer magnetic coil circuit to simulate the
impact of a manufacturing defect in the magnetic circuit. Far-field plasma probes are utilized to
measure plasma properties to compare them to the measured performance. A three-dimensional
sweep probe apparatus quantifies the effect of the azimuthal magnetic field gradient on the
direction of the thrust vector. The azimuthal magnetic field gradient results in decreased stability
during operation. The peak-to-peak discharge current oscillations increase by 31.1%, efficiency
decreases by 25.7% and thrust decreases by 3.5% (2.7 mN) due to a 16.6% decrease in the local
magnetic field resulting in an extreme gradient condition (0.36 G/°). The sweep probe apparatus
observes a 24% decrease in the ion beam current and a 5.8° spatial deviation in the thrust vector
for the HET with a 0.36 G/° magnetic field gradient. The study presents a physics-based
framework that elucidates the observed patterns in thruster performance caused by variations in
plasma characteristics. Through the physics-based performance model proposed in the study,
the impact of the azimuthal magnetic field gradient on the electron parameters, such as the
electron temperature is established. The impact of the azimuthal magnetic field gradient on HET
performance and stability is established in the physics-based model by understanding the impact
of such a gradient on the motion of the charged particles by utilizing plasma plume parameters.
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1. Introduction

Hall effect thrusters (HETS) are electrostatic devices providing
thrust required for operational maneuvers through the acceler-
ation of the ionized propellant particles as they exit the HET
channel [1]. HETSs are widely used across the space sector [2—
4] due to their simple design, strong propulsion, and excel-
lent efficiency. The increasing prevalence of HETS in the com-
mercial sector is a contributing factor to its use as one of the
main propulsion system [5-8]. Contemporary space missions
necessitate propulsion units that provide significant thrust and
power capability. HETs are employed in two distinct manners
to accomplish the mission aim [9, 10]. Integrating mission
and mass production requirements increases the probability
of manufacturing defects in the HET components, resulting
in their inability to complete flight qualification tests effect-
ively. Disparities in plasma [11-13] properties result from the
presence of manufacturing defects in various HET compon-
ents, which consequently alter the performance parameters of
the thruster [14]. These inconsistencies may result in a vari-
ation in the beam current and its subsequent deviance from
the centerline. This can lead to thrust vectoring and modify
the plasma parameters and processes. Research has been con-
ducted to determine the relationship between plasma qualities
and their impact on HET performance metrics.

Komurasaki and Arakawa [15] investigated the perform-
ance and acceleration mechanisms of HETSs, employing exper-
imental thrust and beam property measurement techniques.
The HET studied by Komurasaki et al comprised of stand-
ard components found in typical HET systems, including an
anode, cathode, and magnetic circuit. Additional assessment
of the efficiency of ion acceleration via the constructed model
indicated that a rise in both the mass flow rate of the pro-
pellant and the acceleration voltage led to a corresponding
enhancement in acceleration efficiency. Kim [16] investigated
the impact of primary physical characteristics and processes
on the performance of SPTs, explicitly focusing on the ioniz-
ation process and ion dynamics within the channel. The study
emphasized the relevance of the magnetic field topology for
concentrating ion flow by asserting the function of the mag-
netic field topology in influencing the electric field structure
responsible for ion trajectory variation. The discharge cur-
rent decreased by 35% as the radial magnetic field gradient
increased by 10%. The intricate characteristics of the plasma
processes occurring in the HET necessitate the creation of
a model that elucidates the electrons and plasma dynamics
within the acceleration channel.

Hofer and Jankovsky [17] presented a comprehensive per-
formance model incorporating utilization efficiencies for par-
tially ionized plasma to examine the influence of electron and
ion current on thruster performance. The performance model
supplied a combination of thruster performance and plasma
parameters to calculate properties that are difficult to meas-
ure with a probe. The correlations in this study establish a
connection between the dynamics of charged particles and
plasma properties. The study provided performance paramet-
ers as a function of the acceleration voltage or a combination

of the discharge and loss voltage. The model worked effect-
ively for power ranges between 2.16 and 21.60 kW and per-
formed well in multi-charge plasma conditions. The results
indicated a relatively high level of accuracy between the model
and experimental data, with deviations of less than 5% seen in
most cases. Both the modeled calculations and the data gained
during testing revealed that increasing the discharge voltage
increased the specific impulse and the thruster’s efficiency.
Despite extensive studies on the correlation between opera-
tional parameters (such as mass flow rate and magnetic field)
and the impact on ion dynamics and thruster performance,
there still needs to be a more comprehensive investigation into
the specific effects of magnetic fields on electron dynamics.

The crucial role of the magnetic field in stable HET oper-
ation drives the research toward understanding various mag-
netic field effects that significantly impact HET performance.
Magnetic fields are generated using permanent magnets or an
inner coil and outer coils in concentric or non-concentric con-
figurations. A conventional HET’s magnetic field is axisym-
metric to establish uniform plasma generation—the axial mag-
netic field gradient results in electron mobility variation across
the magnetic field in the discharge channel. Axial magnetic
field gradients have been extensively researched to provide
an understanding of the requirement of the gradient in the
magnetic field [18-21]. Morozov et al [19] demonstrates the
need for a vanishing magnetic field towards the anode to
maintain current continuity. The axial gradient of the radial
magnetic field VB is varied along the discharge chamber
centerline from the anode to the thruster exit. The markedly
higher electron transport for the negative gradient is attrib-
uted to increased plasma oscillations. The uniform gradient
provides marginally stable operating conditions; hence, a pos-
itive gradient for the magnetic field is essential for stable
HET operation. While axial gradient effects are widely stud-
ied, radial magnetic field effects in the discharge channel are
equally significant. Research has taken place to understand the
role of the magnetic field gradient on HET operation [21-
23]. Through developing a 2D plasma flow model, Keidar
and Boyd [22] established the relationship between the mir-
ror effect and the potential distribution in the HET discharge
channel. The research presents that the magnetic field gradient
affects important flow characteristics, such as the radial sheath
potential drop, the sheath length, and the two-dimensional
potential shape in the channel.

Studies on the effects of the axial and radial magnetic
field have effectively contributed to establishing the magnetic
field’s crucial role in HET operation [24-29]. This results in
the utmost need to develop a performance model that high-
lights the relationship of the magnetic field on the thruster
performance parameters using plasma parameters to provide
a complete understanding of the dependency on the magnetic
field. In conventional HET operation, the magnetic field is
also considered axisymmetric. However, manufacturing pro-
duction issues can lead to defects in HET components even
if they are within mechanical tolerance, resulting in a non-
uniform magnetic field. The non-uniformities in the mag-
netic field can be observed azimuthally in the channel in
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various conditions resulting from electrical shorting, mater-
ial processing, and geometrical constraints. Numerous stud-
ies have been conducted addressing non-uniformities present
in HETSs. Non-uniformities arise in HETs due to several man-
ufacturing faults, such as non-uniform propellant flow [14],
non-uniformities in the propellant neutral density [30], anode
orifice configurations [31], and electrical shorts. The non-
uniformities present in the HET result in azimuthal vari-
ations of plasma properties inside the channel. Lazurenko
et al [32] performed a computational study of azimuthal non-
uniformities in magnetic fields to evaluate the effect of the
azimuthal magnetic field gradient. To address the conditions
and consequences of a non-axisymmetric magnetic field in
HETs, thrust vectoring was considered one of the potential
applications of asymmetric magnetic fields. Deviation of the
thrust vector for SPT-100 by azimuthal magnetic field asym-
metry was simulated by creating eight additional coils and four
additional outer poles at 300 V and 4.5 mg s~! anode condi-
tions. Allowing the electron temperature, potential, and num-
ber density to be constant and symmetric for inertial wall cal-
culations resulted in a simplified model. The visual evidence
obtained through simulation techniques to analyze the distri-
bution of ion flux density and velocity supported the concept
of thrust vectoring. Similar experiments were conducted on
the PPS-Flex [33], having a configurable magnetic circuit to
analyze the potential use of the magnetic field for thrust vec-
toring. In order to enable the application of magnetic fields for
thrust vectoring, the PPS-Flex design underwent modifications
by augmenting the quantity of independent magnetic flux cir-
cuits, hence deviating from the conventional HET design. As a
result, an efficient four-stage construction was developed, util-
izing 22 coils to operate the thruster. The experiment involved
testing approximately 100 distinct magnetic field configura-
tions with varying lens angles for the magnetic field lines in
the PPS-Flex device, which was operating at 250 V and had
a discharge current of 4.28 A. The research gave valuable
insights into the uniform configuration with the maximal mag-
netic field near the exit plane, which is the most optimal state
of thruster performance. Although the study did not advance
in tracking the thrust vector, it provided valuable knowledge
of the operation of the thruster.

Gradients in the azimuthal magnetic field are formed due
to manufacturing defects, and devices possessing thrust vec-
toring capabilities provide a platform to explore these mag-
netic field gradients. This current research drives towards
providing knowledge on the impact of the azimuthal mag-
netic field gradient on a 5 kW HET performance and stabil-
ity utilizing plasma parameters. In the current study, the azi-
muthal magnetic field gradient is introduced in the channel of
a 5 kW laboratory HET, P5 [34], and performance character-
ization is performed by operating the thruster in uniform and
non-uniform magnetic field configurations comprising an azi-
muthal magnetic field gradient. The impact of the azimuthal
magnetic field gradient on the stability and the precise posi-
tion of the thruster vector in three-dimensional space is ana-
lyzed using various diagnostics to quantify the variations in
the plasma properties due to azimuthal gradient change in the
magnetic field. Section 2 describes a physics-based model that

enables an understanding of the impact of the azimuthal mag-
netic field gradient on the motion of charged particles, influ-
encing the plasma parameters. Section 3 outlines the experi-
mental setup employed to assess the relationship between the
performance parameters and gradients in the azimuthal mag-
netic field, as established by the model, and demonstrates the
model’s validity. The results of the various diagnostics that
analyze the thruster performance parameters and the various
plasma parameters when the thruster is operated at different
magnetic field configurations because of the azimuthal mag-
netic field gradient are discussed in section 4. Lastly, section
5 explains how the azimuthal magnetic field gradient affects
the thruster performance parameters by influencing the velo-
city of charged particles, as demonstrated by effects on plasma
properties.

2. Physics-based performance model

2.1 Azimuthal magnetic field gradient effect on electron
motion

The previous models, which assume a uniform magnetic
field in the HET channel, required significant enhancement to
understand magnetic field effects. The purpose of this modi-
fication is to develop a model that can be used to thoroughly
investigate the impact of an azimuthal magnetic gradient on
the plasma parameters that directly influence HET perform-
ance. The channel’s azimuthal gradient enables the modifica-
tion of properties in both the radial and axial directions. These
gradients result in a complex, three-dimensional problem that
is exceedingly difficult to resolve. Consequently, it is neces-
sary to make critical assumptions to facilitate the development
of the model and establish a correlation between the azimuthal
gradient magnitude and the thruster performance parameters.
The present model is based on the following assumptions. 1)
The focus is solely on the azimuthal gradient, disregarding the
radial gradient that is present in the channel. 2) Ignoring the
wall interactions, resulting in energy losses as a consequence
of recombination and electron emission. 3) Developing the
model at the maximal magnetic field region near the exit plane
and disregarding the gradient in the axial direction.

During the examination of the specific area of interest in
the channel, it is divided into two distinct regions. As depicted
in figure 1, region one denotes a uniform magnetic field with
a high magnitude. In contrast, region two indicates where the
magnetic field is decreased to establish an azimuthal magnetic
field gradient within the channel between regions one and two.
A detailed look at the area shows that electrons move from
region one to two, providing a clear visual of the area of focus.

The velocity of the electrons in the region can be expressed
as a sum of the velocity imparted to the electron along the
magnetic field, V7 and the E x B drift velocity caused by
the Lorentz force resulting from the presence of perpendicular
electric and magnetic fields in the channel, ‘TE;B_)) as shown in
equations (1) and (2). Where W represents the average elec-
tron velocity, m, is mass of electron, B; is radial component of
the magnetic field, e denoting electron charge, r; is Larmor
radius, E, represents the axial component of the electric field,
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Figure 1. Azimuthal electron drift motion direction (x) in the presence of an azimuthal magnetic field gradient.

4, is the electron collision frequency, n, is the electron num-
ber density, v., represents electron velocity in z direction and
Jeo 1s angular electron current density,

ng\/_ﬁ—FV(ExB) )]
B, E
ve= ML 2 )
Me B,
. dp
ﬁenevezme +qneE; +jeoBr + (TZ =0 (3)

As the magnetic field shifts from one location to another,
the velocity along the magnetic field lines is balanced by the
potential gradient in the radial direction. Therefore, no mag-
netic field impact is observed in the first term representing
the motion along the magnetic field line. Since we are invest-
igating the influence of the gradient in the azimuthal direc-
tion represented by x in figure 1, Hofer’s performance model
[17] is utilized to discuss the effect of introducing the azi-
muthal gradient on the drift velocity component associated
with the electron. The 1-d steady-state momentum equation
demonstrated in equation (3) provides a suitable starting point
for investigating the effects of the azimuthal velocity gradi-
ent due to magnetic field, on the plasma properties and HET
performance while maintaining the same assumptions as the
performance model developed by Hofer and Jankovsky [17].
The modification of equation (3) for the azimuthal direction,
along with a comparison with equation (3), establishes a rela-
tionship between the axial current density and the azimuthal
current density that can be translated into an axial, v., and azi-
muthal velocity, ve, relation through the electron Hall para-
meter, (). shown in equation (4). It is crucial to note that the

cartesian coordinate system is used to build the solution rather
than the radial coordinate system for ease of use. The scaling
laws established for the HET facilitate the scaling of the HET
by preserving the ratio between its radius and length to provide
analogous performance characteristics [35]. A constant ratio
of radius-to-length facilitates a correlation between the radial
dimension and the axial dimension of the thruster. In the cur-
rent research work’s coordinate system, the dimensions x and
z may be regarded as dependent variables, hence maintaining
the interdependence between the radial and axial dimensions
of the thruster. For the current model for a section of the chan-
nel, the azimuthal direction is in cartesian coordinates and rep-
resented with variable x along with z variable representing the
axial direction as shown in figure 1°
Ve, = Ve:Qe 4)
Using equations (3) and (4), the axial current density,
Je. 1s estimated to be influenced by axial mobility, the
electric field, E, and the pressure effects, p as shown in
equation (5),

. d
Je, = e, (—engEz — p) . (®)]

dz

Equation (5) can be written for the azimuthal current dens-
ity, je, as

d
jeY = e, Q. (eneEz - p) (6)
’ : dz
. d
Jeo = He, (—eneEZ — dp> . @)
z
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The azimuthal mobility, x., is expressed as the sum of the
axial mobility, 1. and the Hall parameter as shown in equation
(8). It is utilized to establish the connection between the azi-
muthal drift velocity of electrons and the azimuthal magnetic
field gradient within the channel,

e, = He, Qe~ (8)

Thus, the azimuthal velocity of electrons from equation (4)
can be written as

(e ()
en, ) dz

p=nkT, (10)

Ve, = e, (_EZ_( k )d(neTe))
en, dz

Where k is Boltzmann constant and 7, is the electron tem-
perature. To estimate the changes in the azimuthal direction
due to the azimuthal magnetic field gradient, the gradient in
velocity is estimated by using equation (11),

dve, _ dte, (_E _ (k) d(”e Te))
dx ~ dx : en, dz

d [/ k\dnT,)
ey (em) dz

_dpe, ve, d [k \d(nTo)
He i en, dz

an

12)

dv,

13)

dx dx  fie,

The gradient in the azimuthal mobility with position can be
determined using the relation presented in equation (13). As
mentioned above, the x and z are considered as dependent vari-
ables due to the scaling laws used in the industry to establish a
relationship between axial and radial relations. The positional
gradient is determined by the alterations in the Hall paramet-
ers caused by the azimuthal fluctuations in the magnitude of
the magnetic field,

e

“meve (14 Q2) (14

He, = €2

dpe,  d e
de  dx Cmere (14+92)

dpe, d (1
dr ~dx \B. /)"

In order to simplify the equation, the pressure effects are
ignored to determine the changes in velocity neglecting the
thermal motion change,

de _ die (p (kAT
dx  dx ¢ en, dz

(2 (5)

5)

(16)

a7

(18)

As the electron moves from region one to region two, the
magnetic field decreases across the boundary, resulting in a
negative azimuthal gradient in the magnetic field. This negat-
ive gradient increases the azimuthal drift velocity of electrons
from regions one to two, as per equation (18). According to
equation (4), changes in the azimuthal drift velocity can cause
variations in the axial velocity of the electrons,

dVe, 1 dve, dQe
s (Do, S 19
dx m(m %m> (19)
dQ. d eB
= — . 20
dx  dx (meue> (20)

Due to the negative gradient introduced in the channel, the
electron’s axial velocity increases as they traverse region one
to region two. Therefore, the azimuthal magnetic field gradi-
ent in the HET channel can influence the axial motion of elec-
trons, leading to modifications in the plasma parameters. The
electron’s temperature does not increase to the same extent
as in the presence of a uniform magnetic field, thus decreas-
ing the electron’s overall temperature. The electron interac-
tions that lead to ionization are diminished due to the elec-
tron’s lower total energy, which is insufficient for collisions
to induce ionization. The ionization region in the azimuthal
gradient region shifts locally upstream towards the anode in
comparison to the region where a uniform magnetic field is
present as a result of the increase in the axial velocity of the
electrons due to the presence of the azimuthal gradient in the
channel as seen in figure 2. This localized shift in the location
of the ionization region results in an increase in the length of
the acceleration region at that location, which in turn causes
non-uniformities in the axial location of the ionization accel-
eration region in the channel. The voltage loss increases as the
ionization region moves upstream at the gradient location, res-
ulting in the ions being lost to the wall rather than being accel-
erated out of the channel. Therefore, the rise in voltage loss
reduces the overall acceleration voltage experienced by the
ion particle. The decrease in the available acceleration voltage
leads to a decrease in the ion velocity, affecting the thruster’s
performance due to a gradient in the azimuthal magnetic field.

2.2. Hall thruster performance model

Hofer [14] established a correlation between the thruster per-
formance and plasma parameters presented by equation (21)—
(24), where A is the cross sectional area of discharge channel
m,is the anode mass flow rate, n; is the ion number density
and isny, the ion beam mass flow rate. Yamamoto et al [36]
defines stability as the ratio of the root-mean-square of dis-
charge current oscillations to the discharge current observed
under power conditions. This ratio, as seen in equation 26, is
utilized to observe the effect of the magnetic field on the HET
stability and is considered one of the stability parameters to
observe during experimentation. Along with the ratio of root-
mean-square of the discharge current oscillations to the dis-
charge current, /4 the magnitude of the discharge current oscil-
lation, as measured by the peak-to-peak oscillation percentage,
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Figure 2. Schematic of displacement of the ionization-acceleration region as well as the resultant electron velocity vector in the (a) high

magnetic field region and (b) low magnetic field region.

is also considered a critical indicator of stability with changes
in the magnetic field. The peak-to-peak oscillation percentage
is considered a primary indicator of stability for the current
study.

Introducing a gradient in the channel leads to an over-
all increase in the electron velocity, increasing the discharge
current. A reduction in the ion velocity, v, and acceleration
voltage, V, leads to an overall decrease in the ion beam cur-
rent, I,,. Introducing the gradient in the channel contributes to
the overall decrease in the current utilization efficiency, 7y as
the discharge current, /y and ion beam current fluctuate. The
variations in the ion velocity also contribute to a reduction in
the thrust, T and specific impulse, I, that the ion imparts at the
thruster operating configuration. The reduction in the accel-
eration voltage, V, leads to a corresponding decrease in the
voltage utilization efficiency, 7. The stability equations estab-
lished by Yamamoto et al [36] play a crucial role in predicting
the thruster’s operation state. For instance, when the axial elec-
tron velocity increases, the second component of the equation
(25) becomes more negative. This reduction leads to a drop in
overall stability, causing the thruster to operate in an unstable
state,

Iy n;evpA

=7

= 201
Iy njeviA—neev.A

Va

7 (22)

Ty

T = rpvy (23)

T
Isp - (24)

mgg
(AVE)exit - (Ave)anode - (Udiﬁe)Te >0 (25)

1, 1 /7 .

p= o ] (I~ Tg)dr (26)

Iy I\ o

The background knowledge of the variations in the plasma
properties as the gradient is introduced is provided by the
relationships established by the model to analyze the effect
of introducing an azimuthal magnetic field gradient, which
in turn affects the thruster performance parameters. While
the model requires further development to incorporate three
dimensional effects, it provides a good base for understanding
the potential impact of the azimuthal magnetic field gradient
on mid-power thruster performance and stability. An exper-
imental test campaign is conducted on a 5 kW HET to sub-
stantiate the established relationships and observe the effects
on thruster performance as well as stability. The experiment
involves the introduction of an azimuthal magnetic field gradi-
ent of varying magnitudes into the channel, and the effect
of this gradient is observed on the thruster performance and
plasma parameters.
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3. Experimental procedure

3.1 Vacuum test facility: VTF-2

The VTF-2 consists of a 9.2 m long stainless-steel vacuum
chamber with a diameter of 4.9 m that attains high vacuum
using ten liquid nitrogen-cooled CVI TM1200i cryopumps
linked to two Stirling Cryogenics SPC-4 compressors [37].
Agilent Bayard—Alpert (BA) 571 hot-filament ion gauges
on the chamber flange, along with MKS Granville Phillips
370 Stabil-ion gauges located 0.3 m downstream of the exit
plane and 0.6 m from the thruster centerline, were used to
measure pressure. The ion gauges were regulated to deliver
precise pressure measurements using different controllers;
the Agilent XGS-600 Gauge Controller controls the outer
ion gauge, and the Granville Phillips 370 Controller con-
trols the ion gauge inside the chamber. Nominal operating
pressures of 5.9 x 10~° Torr-N, and 1.1 x 1075 Torr-N,
are observed inside the chamber. The average operational
and base pressures were measured using the outer and inner
gauges. Subsequently, the operational pressure was adjusted
for krypton using a correction method

Poperational-corrected = 1/ COrr(poperational»measured - pbase) ~+ Pbases
27)

with corr being equal to 1.96 for krypton [38]. During oper-
ation, the base and operational pressure in the facility were
maintained at 2.55 x 10~ Torr-N, and 3.1 x 10~° Torr-Kr.

3.2. 5 kW Hall thruster

The 5 kW laboratory PS5 HET, built in 1997 through a col-
laboration between Ron Spores of the Air Force Research
Laboratory (AFRL) and Alec Gallimore of the University of
Michigan, is used as the test subject for conducting the exper-
iment. A detailed discussion regarding the thruster is provided
by Gulczinski [34]. Distinct features of P5 include 36 slotted
holes in the stainless-steel anode, a ceramic discharge chan-
nel, an inner magnetic core, and eight outer magnetic cores
constituting the magnetic circuit of the thruster. The thruster
comprises a boron nitride and silicon dioxide BN-SiO,, M26
grade channel with an outer diameter of 173 mm and a width
of 25 mm [25, 39]. EPL-500, a hollow cathode is situated at the
—35° vertical position with respect to the thruster centerline at
a distance of 2.2 cm downstream of the P35 exit plane and 7 cm
above the centerline. Operation of the thruster for the current
study is conducted at a discharge voltage of 300 V, an anode
flow rate of 5.61 mg s~! of krypton, and a cathode flow rate
of 0.44 mg s~! of krypton. In order to introduce a magnetic
field gradient to evaluate the effect of non-uniformities in the
magnetic field on the ion beam current and the thrust vector,
the outer magnetic circuit is split into three sections. The split-
ting of the outer magnetic circuit provides control of the cur-
rent supplied to the thruster’s outer magnetic coil circuit, thus
allowing the magnetic field magnitude to vary azimuthally
across the channel. The outer magnetic circuit is split to oper-
ate two coils independently (OC2 and OC3), while the other
six coils are connected in series to be operated using a TDK

Outer Coil 1 (OC1)
Power Supply

L_‘s

Iy

Outer Coil 3 (OC3)
Power Supply

[S—
Outer Coil 2 (0C2) —n— |
Power Supply

Figure 3. Schematic of P5 outer magnetic circuit.

Lambda power supply (OC1). A FW Bell Gaussmeter 5080
was utilized to measure the magnetic field in the thruster chan-
nel. Figure 3 shows a schematic representation of the setup.

3.3. Diagnostics

The diagnostics employed to quantify various plasma para-
meters included a sweep probe apparatus, Langmuir probe,
retarding potential analyzer (RPA), oscilloscope, and inverted
pendulum thrust stand. The sweep probe apparatus, Faraday
probe, Langmuir probe, and RPA are mounted on a radial arm
driven by a Parker Daedal 200RT rotary motion stage and posi-
tioned 1 m from the thruster output plane, and the oscilloscope
is connected to the discharge circuit in the control room.

1. Three-dimensional sweep probe apparatus

The apparatus consists of a circular framework with a radius
of 1 meter, constructed from lightweight aluminum, as depic-
ted in figure 4. The framework comprises a geared track on
one side and a curved flat surface insulated from the plume
using graphite fragments on the other side. A slot is created in
the aluminum structure to accommodate motion bearings and
preserve the orthogonality of the probe while moving along
a curved trajectory. The bearing linked to the probe mount
guarantees that the probe remains in the correct orientation
while sweeping through the plume. The geared track frame-
work ranges from —41° to 46°, providing a measurement span
of 87° of the plume. The framework can be extended to a 180°
span in facilities without spatial restrictions such as the floor
and the thruster mount. The probe mount is fabricated util-
izing a combination of aluminum and graphite components.
The aluminum brackets are connected to the motion gear, and
the stepper motor is employed for motion control. A Nema 17
motor with a 50:1 ratio planetary gearbox is utilized to trans-
late the probe along a 1 m radius path via a motion gear with
a step size of 1.8° per step.
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Geared Track

Faraday Probe

Figure 4. Picture of the 1 m curved sweep probe apparatus installed in VTF-2.

A stepper motor is employed with limit switches posi-
tioned at the endpoints to monitor the probe’s location as it
moves along a curved path. At —45° and 50° from the track,
high-precision limit switches are arranged so that the probe
mount contact can activate the limit switch circuit and halt
the stepper’s motion. The entire sweep probe apparatus [40]
is positioned on a radial probe arm, so there is a 1 m dis-
tance between the probe collector and the thruster exit plane
in VTF-2, as seen in 6. The radial probe arm is designed to
undergo a sweeping motion, starting from —90° and ending
at 90° with a velocity of 0.63° per second. The probe arm
is controlled by a Parker Daedal 200RT series rotary table,
which has an accuracy of +17° [41], as depicted in figure 5.
The angular transverse motion and the stepper motor-driven
vertical motion of the Faraday probe are controlled by the
Agilent 34 970 A data acquisition unit. The construction of the
Faraday probe adheres to the recommended principles, util-
izing a stainless steel casing that is 1 inch in length and a
collector coated with tungsten [42]. The collector and guard
ring of the Faraday probe are biased at —30 V relative to the
ground using a Keithley 2470 source meter. LabVIEW Virtual
Instrument records the probe location and the ion beam current
gathered by the Faraday probe. Using the Faraday probe, the
sweep probe apparatus [40] maps the ion current density dis-
tribution.

2. Langmuir probe

The Langmuir probe is used to measure the plasma potential,
Vp, the floating potential, Vr, the electron number density, 7,
and the electron temperature, T [43]. An alumina ceramic
tube measuring 6.4 mm in diameter and 65 mm in length
encases a 6.4 mm long tungsten tip of 0.13 mm diameter in
the Langmuir probe design. The Langmuir probe is positioned
on the radial arm so that the tungsten electrode points toward

the thruster. A Keithley 2470 source meter biases the probe
from —50 V to +60 V, in 0.1 V increments, with respect to
ground, and measures the current. The current is collected at
the centerline of the thruster at an angular position of 0° with
respect to the thruster plume center through three consecutive
voltage sweeps and analyzed using classical thin sheath the-
ory [43]. In order to obtain accurate ion density and temperat-
ure measurements, the classical thin sheath theory is applied
which states that the impact of sheath thickness is negligible in
comparison to the probe radius. A LabView program records
the Keithley 2470 data output.

3. RPA Probe

The RPA is used to quantify the ion energy distribution within
the thruster plume [44]. The RPAs consist of four grids: the
floating grid, the electron repulsion grid, the ion repulsion grid,
and the electron suppression grid. The floating grid is oriented
to face the plasma plume. In order to protect the plasma from
the perturbations caused by the probe’s presence, the float-
ing grid is permitted to float electrically. The electron repul-
sion and suppression grid are biased to —30 V relative to the
ground to prevent plasma electrons and high-energy second-
ary electrons from reaching the collector. A Keithley 2470
source meter measures the ion current as a function of the
ion repulsion grid repelling voltage. The ion repulsion grid is
scanned with a bias voltage ranging from 0 to 450 V, with a
voltage spacing of 2 V relative to the ground. Post-processing
of the ion current as a function of repelling voltage, correc-
ted for the plasma potential, yields the ion energy distribu-
tion function. Three successive voltage sweeps are conduc-
ted to account for the uncertainty and variability in data. The
voltage measurement of the RPA, V,, for the ion energy dis-
tribution peak between scans exhibited a variability of +5%.
The RPA is affixed to the radial arm to obtain a measurement
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of the centerline location with a 0° angular position about the
thruster plume.

4. Oscilloscope

A high-definition, four-channel oscilloscope was employed to
capture time-resolved measurements of the PS5 discharge cur-
rent. The time-resolved measurements for the discharge cur-
rent 14, the peak-to-peak variation of the discharge current
L4 piopk, and the root mean square measurement of the dis-
charge current Iy, were captured using a Teledyne LeCroy
HDO6104A oscilloscope. This oscilloscope has a DC—1 GHz
bandwidth and a resolution of 12 bits. The oscilloscope was
configured with a time base of +5 ms and a sampling rate of
50MS s~ !, with a maximum discernible frequency of 20 MHz.
The characteristics of the discharge current oscillations were
measured using a Teledyne LeCroy CP150 current instrument.
The CP150 has a maximum rated current of 300 A and a DC—
10 MHz bandwidth. In order to monitor the oscillations gener-
ated by the HET plume, the CP150 sensor was installed at the
power feedthrough that corresponds to the anode power line
upstream of the RC filter. The average values of the discharge
current characteristics across the five traces were determined
by capturing a minimum of five oscilloscope traces for the
HET discharge at each operating condition. The power spec-
tral density was obtained by performing a fast Fourier trans-
form on the time-resolved discharge current. The peak fre-
quency was 6.4 kHz £ 900 Hz. The peak frequency exhibited
a magnitude shift of 2 kHz under the non-uniform test con-
ditions. It is crucial to notice that, despite a gradient in the
channel, the oscillations’ peak frequency remains below the
frequently observed breathing mode instability, which ranges
from 10 to 30 kHz. Consequently, the present investigation
does not examine breathing mode instabilities but local plasma
low-frequency instabilities.

5. Inverted pendulum thrust stand

A null-type, water-cooled, inverted pendulum thrust stand is
employed to measure thrust based on the thrust stand design
developed by the NASA Glenn Research Center [25]. The
thrust stand is composed of a pair of parallel plates connected
by a series of four flexures. These flexures support the upper
plate and allow it to deflect in response to an applied force. The
upper plate’s position is monitored by a linear voltage differ-
ential transformer (LVDT) and regulated by two electromag-
netic actuators. During operation, a pair of SIM 960 analog
proportional-integral-derivative controllers regulate the cur-
rent through each actuator by modulating the current through
the actuators based on the LVDT signal. This process elimin-
ates any vibrational noise (damper coil) and keeps the upper
plate stationary (null coil). The current through the null coil,
necessary to maintain the upper plate’s stationary position,
is directly proportional to the thrust. The thrust stand is act-
ively water-cooled to facilitate the chilling of the null coil cir-
cuit during thruster firings in order to preserve thermal equi-
librium. An 1100-W VWR International 1173-P refrigerated
recirculation chiller supplies the cooling water, which does
not fluctuate by more than 5 °C compared to the thruster-off
condition.

The thrust stand is calibrated by employing a collection
of weights that are well-known and cover the entire range of
anticipated thrust values. In order to provide a measurement
of the thrust at an operating condition, a linear fit is estab-
lished by correlating the null coil current to the force applied
to the thrust stand. The thruster was turned off for each of the
three consecutive thrust measurements. Following the calibra-
tion, the thruster was reactivated, and a thermal steady state
was achieved by allowing a change in temperature of less than
40.5 °C /min before the subsequent set of measurements. This
study’s average thrust stand uncertainty was approximately
42 mN (2.6% full scale), defined as the variability associated
with the calibrations conducted for each scan at an operating
condition.

4. Results

This section provides the results obtained for the plasma para-
meters as well as the performance parameters while oper-
ating the P5 thruster in uniform and non-uniform magnetic
field conditions. The non-uniform magnetic field condition
was employed to facilitate the presence of an azimuthal gradi-
ent in the magnetic field across the channel. The P5 thruster
was powered by a voltage of 300 V, with the outer coil circuits
(OC1, OC2, and OC3) and inner coil current set to 4 A and
6 A, respectively. The thruster is operated for three hours at
uniform baseline conditions before reaching a thermal steady
state displayed by a rate of change of thruster temperature of
less than 0.5 °C min’'. After the thruster reaches a thermal
steady state, three-dimensional measurements of the ion beam
current using the hemispherical apparatus, with three angular
vertical sweeps of the Faraday probe at every 5° horizontal
position, are performed to eliminate any systematic inaccur-
acy caused by the motion control system. Characterization of
the ion beam current for the uniform magnetic field configura-
tion provides the baseline condition for comparison with non-
uniform conditions to analyze the effect of the magnetic field
non-uniformities. After the ion beam current measurement, the
Langmuir and RPA mounted on the radial arm are positioned
at the centerline for plasma property measurement. Five oscil-
loscope measurements are noted down for stability estimation
through discharge current peak-to-peak measurements. Thrust
measurements using the inverted pendulum thrust stand are
conducted at the end of each test condition. The mass flow
of 5.61 mg s~! and 0.44 mg s~! for the anode and cathode,
as well as the discharge voltage of 300 V, are kept constant
throughout the study to allow for only magnetic field variation
impact of plasma parameters.

Table 1 shows the test matrix commences by reducing
the current in coil circuit 2 (OC2) by 50%, resulting in a
5.51% decrease in the magnetic field in the localized area,
B shown in figure 3. The localized magnetic field was meas-
ured using a FW Bell Gaussmeter 5080 for the different mag-
netic field configurations before the commencement of the
test. Magnetic field measurement across the channel using a
gaussmeter provided an estimation for the localized magnetic
field changes due to the current variations across the outer
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Table 1. Operating conditions of P5 for azimuthal magnetic field gradient configurations at 300 V, anode flow of 5.61 mg s~! and cathode
flow of 0.44 mg s~ krypton. Test condition 2 or gradient 2 represents the ‘one coil off’ operating condition and test condition 4 or gradient

4 represents ‘two coils off” operating condition.

Test No. Condition name Vg (V) I3 (A) B;(G) VB (G/°) IC current (A) OCI Current (A) OC2 Current (A) OC3 Current (A)
0 Baseline 300 7.90 145 0.00 6.00 4.00 4.00 4.00
1 Gradient 1 300 791 136 0.18 5.85 3.90 2.00 4.00
2 Gradient 2 300 794 130 0.31 5.70 3.80 0.00 4.00
3 Gradient 3 300 7.94 125 0.30 5.55 3.70 0.00 2.29
4 Gradient 4 300 8.05 120 0.36 5.40 3.60 0.00 0.00

Table 2. Plasma parameters of P5 for azimuthal magnetic field gradient configurations at 300 V, anode flow of 5.61 mg s~! and cathode
flow of 0.44 mg s ! krypton. Test condition 2 or gradient 2 represents the ‘one coil off” operating condition and test condition 4 or gradient

4 represents ‘two coils off” operating condition.

Test No. Condition Name B; (G) VoB, (G/°) 1; (A) Iy (A) T. (eV) Vy (V) Vipa (V) 1a piapk (A) T (mN)
0 Baseline 145 0.00 7.90 5.71 4.27 14.9 270 4.15 78.0
1 Gradient 1 137 0.18 7.91 4.29 3.92 14.6 251 4.11 76.0
2 Gradient 2 131 0.31 7.94 4.40 3.93 14.5 257 5.01 75.6
3 Gradient 3 125 0.30 7.94 4.35 3.85 14.1 254 5.11 75.9
4 Gradient 4 121 0.36 8.05 4.33 3.72 13.9 254 5.32 74.3

magnetic field circuit. The subsequent operating condition
entails a reduction in the current in the coil circuit from 2 A to
0 A, which leads to a localized reduction in the magnetic field
by 9.65% and an azimuthal gradient, VgB, of 0.18 G/°. The
test condition 2 or gradient 2 with 0 A current in coil 2 is one of
the primary points of the study. The subsequent condition (test
condition 3 or gradient 3) necessitated a 50% reduction in coil
current in the coil circuit 3 (OC3) and the complete shutdown
of the coil 2 circuit. This operating situation leads to an aug-
mentation in the gradient and the length of the specific region
undergoing the alteration in the magnetic field. The third oper-
ating state is a 13.8% reduction in the magnetic field. The final
operating condition (test condition 4 or gradient 4) in test mat-
rix 2 is the complete powering off of outer coil circuit two
(OC2) and outer coil circuit three (OC3), enabling only the
outer coil circuit one (OC1) to be operational. A gradient of
0.36 G/° and a reduction in the magnetic field by 16.5% are the
outcomes of this extreme condition for the current research.
At each testing condition, measurements of plasma parameters
are conducted using diagnostics used to establish the baseline
uniform magnetic field condition. Comparison of the proper-
ties allows for the observation of the change in plasma prop-
erties due to the introduction of the azimuthal magnetic field
gradient.

Table 2 provides values of plasma parameters obtained
through the diagnostic measurements conducted for each test
condition. Transitioning from the uniform magnetic field test
condition to the non-uniform magnetic field condition, a
decrease in the localized magnetic field in the area of introduc-
tion of the azimuthal gradient by 9.65% for the ‘one coil-off’
condition i.e. test condition 2 or gradient 2 resulted in an 8%
decrease in the electron temperature, T, with a 2.2% decrease
in the plasma potential V;, and a 20.7% increase in the dis-
charge current peak to peak, I prapr. “Two coil-off” conditions
i.e. test condition 4 or gradient 4 resulted in a 16.55% decrease

in the localized magnetic field, resulting in a 12.8% decrease
in the electron temperature T, a 6.2% decrease in the plasma
potential, and a 28.2% increase in the peak-to-peak of the dis-
charge current. Observing the changes in ion beam current,
a 23% decrease is observed for the ‘one coil-off” condition,
whereas ‘two coil-off” conditions resulted in a 24.2% decrease
in the ion beam current.

5. Discussion

5.1. Performance parameters variation due to azimuthal
magnetic field gradient

This section provides an evaluation of various magnetic field
configurations demonstrating the significant influence of the
magnetic field on the performance of the HET. The perform-
ance of the HET in the presence of the azimuthal magnetic
field gradient is compared with the uniform magnetic field
operating condition. The impact of the azimuthal magnetic
field gradient on the plasma parameters is discussed to provide
a deep understanding of the performance parameters and the
observed azimuthal magnetic field gradient as established in
the model developed in section 2

Deviation from the optimal operating conditions reduced
the performance and operation of the P5 thruster. To quantify
the change in HET performance caused by an azimuthal mag-
netic field gradient, an azimuthal magnetic field gradient was
intentionally introduced into the channel. The alteration in the
current flow to the OC2 and OC3 coil circuits, which oper-
ated independently, facilitated the introduction of a magnetic
field gradient in the channel. Table 3 presents the observed
performance of the thruster under the baseline condition and
four different operating conditions with varying magnitudes
of the azimuthal magnetic field gradient. The four test scen-
arios range in the amount of current provided to the coils,
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Table 3. Performance parameters of P5 for azimuthal magnetic field gradient configurations at 300 V, anode flow of 5.61 mg s~! and
cathode flow of 0.44 mg/s krypton. Test condition 2 or gradient 2 represents the ‘one coil off” operating condition and test condition 4 or

gradient 4 represents ‘two coils off” operating condition.

Test no. Condition name B; (G) VB, (G/°) T (mN) Isp (s) Ly piopr (%) (%) v (%) Nm (%) n (%)
0 Baseline 145 0.00 78.0 1410 52.5 52.1 84.9 59.6 229
1 Gradient 1 137 0.18 77.0 1392 72.4 50.8 83.9 59.1 21.9
2 Gradient 2 131 0.31 76.8 1387 74.5 50.3 84.1 58.6 21.8
3 Gradient 3 125 0.30 76.6 1384 69.0 50.8 83.9 59.0 21.8
4 Gradient 4 121 0.36 76.5 1382 77.1 49.5 83.9 58.3 21.4

resulting in variations in thrust 7, current utilization efficiency
b, voltage utilization efficiency 7,, mass utilization efficiency
Nm, anode efficiency 1 and percentage of peak-to-peak dis-
charge current oscillation, I pr2pk-

The baseline condition with a uniform magnetic field for
P5 was 300 V and 7.92 A, with a cathode mass flow of
5.61 mg s~! and a cathode mass flow of 0.44 mg s~! of
krypton. The magnetic circuit configuration consisted of 6 A
for the inner coil circuit and 4 A for the outer coil circuits. The
baseline condition was the optimal operating condition for P5,
resulting in the highest thrust of the magnitude of 78.0 mN,
a current utilization efficiency of 52.0%, and a peak-to-peak
discharge current oscillation of 52.5%. With the introduction
of the magnetic field gradient, the magnitude of the gradient
increased as the testing conditions progressed, resulting in a
decrease in thruster performance, as illustrated in figure 5.
The magnitude of the magnetic field in the localized region
was reduced due to the reduction in current across the two
independently operating coils. However, the area span across
which the gradient was observed was also increased. As the
magnitude of the azimuthal gradient grew, the thrust and effi-
ciency of the thruster both dropped due to the higher mag-
nitude. The instability is demonstrated by the peak-to-peak
percentage of the discharge current—the higher the peak-to-
peak percentage, the less stable the thruster operation. The per-
centage of peak-to-peak discharge current oscillation is estim-
ated by observing the average peak to peak discharge current
normalized over the operational discharge current recorded
during thruster operation. The thruster operation became more
unstable as the azimuthal gradient increased, increasing the
peak-to-peak of the discharge current oscillation. The trends
closely aligned with the uniform magnetic field test matrix
outcomes. This variation in performance also indicated that a
significant impact on performance was observed despite the
gradient being very small compared to the magnetic field’s
magnitude in the uniform portion of the channel.

By examining the performance change, it is evident in
figure 5 that the magnitude of the magnetic field in the region
of maximal gradient decreased by an average of 6 G across
all operational conditions. Implementing the localized gradi-
ent led to an average reduction of 0.7 mN in thrust across all
operational conditions, resulting in a 2.9% decrease from the
baseline. Locally, the magnetic field experienced an average
4.4% decrease due to the gradients. As stated in the preced-
ing section, the uncertainty associated with the thrust meas-
urement is £2 mN. Therefore, the changes in thrust lie slightly
beyond the uncertainty ranges, indicating a minimal impact of

magnetic field shifts on thrust. Similarly, the specific impulse
exhibited the same trend as the thrust, resulting in an aver-
age magnitude decrease of 12.3 s and a 2.9% decrease with a
gradient in the magnetic field compared to the uniform con-
dition. The current utilization efficiency experienced an aver-
age 4.6% decrease in magnitude for a 24.5% decrease with a
gradient in the magnetic field compared to the baseline con-
dition. Finally, the peak-to-peak percentage of the discharge
current oscillation increased on average by 21.0% due to the
gradient introduction. The azimuthal magnetic field gradient’s
influence on thruster stability illustrated that the stability of
thruster operation is one of the thruster performance paramet-
ers most significantly influenced by non-uniformity. To sum-
marize the findings, the HET’s thrust decreased by 2.4 mN
and 3.1% as the operation transitioned from the baseline to
the one-coil-off condition i.e. test condition 2 or gradient 2.
The efficiency also decreased by 23.3%, the peak-to-peak of
the discharge current oscillations increased by 23.6%, and the
magnetic field decreased by 9.7%. In the same way, the reduc-
tion of the magnetic field by 16.6% for two-coils-off condi-
tion i.e. test condition 4 or Gradient 4 resulted in a decrease of
2.73 mN and 3.5% in thrust, a 25.7% decrease in efficiency,
and a 31.5% increase in the peak-to-peak discharge current
oscillations.

5.2. Plasma processes associated with performance
changes due to azimuthal magnetic field gradient

In light of the performance model, the magnetic field is a crit-
ical factor in influencing the ionization and acceleration pro-
cesses. The impact of the magnetic field was translated into a
change in plasma parameters and, consequently, the thruster’s
performance. The model illustrates the impact of the azimuthal
magnetic field on the performance parameters in the vicinity
of the exit plane. The magnetic field experienced an azimuthal
gradient due to the localized region’s loss of the magnetic field.
The electron confinement in the channel decreases as the elec-
trons transition from the high uniform magnetic field region to
a sectional lower magnetic field region as a result of the gradi-
ent’s introduction in the HET channel as shown in figure 1. The
lesser confinement of the electrons increases the electron flux
in the gradient region. The reduction in confinement leads to a
decrease in collision frequency, resulting in a decrease in ion-
ization due to the reduced electron number density. Electrons
undergo ohmic heating, leading to a decrease in temperat-
ure due to the decreased likelihood of ionization collisions.
A decrease in the electron temperature results in a decrease in
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the energy possessed by the charged species, which leads to
a less positive plasma potential at that location. Therefore, an
azimuthal magnetic field gradient in the non-uniform operat-
ing condition results in a non-uniform distribution of the elec-
tron number density and electron temperature in the channel.
The electron temperature decreases along with the collision
frequency, decreasing the total energy the electrons acquire
as they travel azimuthally. The drop in energy causes the elec-
trons to travel upstream in the region of the azimuthal gradient
to gather energy for ionization. This motion leads to a localized
shift in the ionization acceleration region, which causes the
region to move upstream towards the anode at the gradient’s
location. Consequently, the azimuthal gradient influences the
ions, which are now formed further upstream within the loc-
alized region. The loss voltage is increased as a result of the
increased likelihood of wall collisions and neutralization col-
lisions among the ions. The acceleration voltage decreases due
to the increase in the loss voltage for a fixed discharge voltage.
The decrease in acceleration voltage indicates a decrease in ion
velocity, which causes a change in efficiency, specific impulse,
and thrust.

Further examination of the discharge current oscillation
reveals that the electron motion can be characterized as a
blend of thermal and kinetic energy. The kinetic energy of
electrons increases, and thermal energy decreases as a result
of a decrease in the magnetic field. In order to stabilize the
discharge current oscillation, it is imperative to maintain the
energy balance. The momentum transfer collision frequency
decreases as the electrons propagate from the region of the
high magnetic field to the low magnetic field, and the elec-
tron temperature decreases as a consequence of reduced ohmic
heating. This variation leads to non-uniformities through-
out the channel during ionization collisions. The imbalance
between Joule heating and the convection term associated with
wall loss caused by enhanced oscillation increases as the elec-
trons drift in the azimuthal and axial direction. A decrease
in thermal energy indicates a decrease in ionization collision
and an increase in atom excitation collision. Therefore, the
azimuthal gradient results in a general decrease in the ion
beam current, leading to a decrease in the current utilization
efficiency. Not only does the azimuthal gradient increase the
mobility of electrons, but it also causes the gyroscopic fre-
quency to fluctuate and increase in the region of the low mag-
netic field due to the variation of the magnetic field. The proper
confinement of electrons in the axial and azimuthal directions
is necessary to maintain or accomplish the stability of the HET,
as shown by discharge current oscillation. The reduction in
electron confinement affects the frequency of ionization colli-
sions, and electron generation near the anode results in a non-
uniform length of the ionization acceleration area, resulting in
variations in electron number density across the channel. The
collision frequency and electron production rate influence the
discharge current oscillation, resulting in the non-stable opera-
tion of the HET, which attempts to maintain plasma discharge.
The introduction of a gradient has the most significant impact
on discharge current oscillation, as the magnitude of the mag-
netic field significantly influences electron motion and colli-
sion processes.

The results presented emphasize the change in plasma para-
meters at the far field despite the azimuthal gradient result-
ing in the highest reduction in the magnitude of the magnetic
field, which is 16.6% of the baseline magnetic field. The model
offers potential explanations for the processes taking place in
the channel. The plume measurement serves as evidence of the
significant influence of in-channel non-uniformities. Though
in-channel measurements of plasma parameters will provide
deeper insights regarding the plasma processes, the impact
of the azimuthal magnetic field gradient on thruster perform-
ance is established in the current study using far-field measure-
ments. The diagnostics were employed to conduct measure-
ments to observe the far-field changes caused by the gradient.
The experimental results demonstrated a reduction of 8.1%
in electron temperature and a decrease of 5.1% in accelera-
tion voltage compared to the baseline condition when one coil
was turned off. Additionally, there was a decrease of 12.9% in
electron temperature and a fall of 6.0% in acceleration voltage
when two coils were turned off, as seen in figures 6 and 7.
Examining the uncertainty linked to the Langmuir and RPA
probe, there was a strong rationale for the capability to detect
the impact of the azimuthal gradient on the plasma parameters.
Figure 5 illustrates the model’s validation of the thruster’s effi-
ciency in relation to the magnetic field. It is crucial to emphas-
ize that the other magnetic circuit maintained sufficient opera-
tional stability to enable continuous thruster operation despite
the thruster experiencing a decrease in stable operation due to
the two coils in the circuit being off in the current study.

The azimuthal magnetic field gradient influenced the
thruster performance in terms of magnitude and the plume’s
orientation as seen in figure 8. The position of the maximum
ion current collected by the sweeping Faraday probe was
monitored by utilizing the three-dimensional measurement of
the ion current density acquired through the custom-designed
Sweep Probe Apparatus. When a Faraday scan cannot pick
up on the distinctive double peaks, the ion current density
peak becomes a reliable indicator of the position of the thrust
vector [24]. Table 4 displays the thrust vector’s location for
the baseline line condition and the varying azimuthal magnetic
field gradient condition.

The thruster’s inclination was measured during installation,
and a vertically downward angular incline of 0.2° was determ-
ined. This inclination was 5% of the thruster vector value
obtained for the baseline condition and, as a result, is disreg-
arded in the current analysis. The thrust vector for the baseline
condition was determined to be 0° horizontally and 4° vertic-
ally downward. The two coils, independently actuated, were
situated on the right side of the thruster when viewed from
the front, as illustrated in figure 3. The position of the thrust
vector changed to 5° horizontally and 3° vertically when the
OC2 circuit was off. The ion current density peak was devi-
ated due to the magnetic field lines passing through the inner
coil being modified due to the OC2 circuit being turned off
and possibly tilted towards the outer coil rather than at the
centerline location, which was probable for the magnetic field
lines. The OC2 and OC3 circuits being off corresponded to
the condition of two coils turned off. It is evident that the pres-
ence of a 0.04 G/° higher gradient, as opposed to a single coil
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Figure 7. Ion acceleration voltage as a function of local magnetic field for azimuthal magnetic field gradient test matrix 2 test conditions at

300V, 5.61 mg s ! anode and 0.44 mg s~! cathode flow rates.

being off, caused a 2° vertical deviation in the thrust vector.
The magnetic field experienced a greater magnitude decrease
due to the additional coil’s turning off. Additionally, the gradi-
ent was able to traverse a larger area, resulting in a fluctu-
ation in the vertical position of the peak. The current study
provides the impact the introduction of azimuthal magnetic
field gradient has on the far field plasma properties. To provide
detailed measurements of properties inside the channel, future
work is required to measure plasma parameters within the
thruster channel to determine how local azimuthal magnetic

field changes affect these parameters. The measurement con-
ducted within the channel with a gradient will establish correl-
ations between the recorded plasma properties and the far field
measurements observed during changes in the magnetic field.
Observing the impact to a greater extent is possible by intro-
ducing a higher magnitude of the gradient, which can result
in the HET operating at its maximal gradient. Future studies
will be critical in qualifying thrusters for space flights by the
commercial sector, which mass produces thrusters for space
missions.
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Table 4. Thrust vector position for azimuthal magnetic field gradient test conditions at 300 V, 5.61 mg s " anode and 0.44 mg s~' cathode
flow rates. Test condition 2 or gradient 2 represents ‘one coil off” operating condition and test condition 4 or gradient 4 represents ‘two coils

off” operating condition.

Test No. Condition Name B; (G) VB, (G/°) Horizontal (°) Vertical (°)
0 Baseline 145 0.00 0 4
1 Gradient 1 137 0.18 5 2
2 Gradient 2 131 0.31 5 3
3 Gradient 3 125 0.30 5 3
4 Gradient 4 121 0.36 5 1

6. Conclusion

The primary objective of the study is to quantify the impact
of incorporating an azimuthal magnetic field gradient on HET
performance. To accomplish this objective, we divided the
outer coil circuit into three segments: two independent coils

and six coils connected in series. By deactivating the elec-
trical current flowing through the separate coils, a magnetic
field with a varied magnitude was created in the channel, res-
ulting in an azimuthal gradient. The azimuthal magnetic field
gradient’s presence had the greatest impact on the stable oper-
ation of the thruster and the least on the thrust it generated.
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In contrast to a 3.5% decrease in thrust, a 0.4 G/° gradient
in the magnetic field leads to a 31.5% decrease in stability.
As the magnitude of the azimuthal gradient of the magnetic
field increased, the current utilization efficiency was most sig-
nificantly impacted and contributed significantly to the overall
efficiency decrease. It is also important to note that the thruster
continued to operate without shutting down, even though two
coils were off, resulting in the peak-to-peak percentage of dis-
charge current oscillations of 69.1%. The study provides an
understanding of the impact of the presence of azimuthal mag-
netic field gradient on the thruster performance. This analysis
offered a perspective on the close drift of electrons, a critical
principle that should be employed in developing thrusters to
ensure that they operate reliably. It was established that the
presence of an azimuthal magnetic field gradient contributed
to a decrease in the thruster stability and efficiency. Through
the physics-based performance model proposed in the study,
the impact of azimuthal magnetic field gradient on the electron
parameters, such as the electron temperature is established.
The model establishes the impact of electron temperature on
the motion of the charged particles. The effect of the motion
of the electrons on the plasma properties measured far field,
as well as the performance parameters such as efficiency and
thrust, is established through this study. Through the current
work, we contributed significantly to understanding the impact
of non-uniformities in the azimuthal magnetic field gradient on
the thruster’s performance, specifically regarding efficiency,
thrust, and stability.
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