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Transverse magnetic fields (along the x-axis, transverse to the z-axis) are applied to a helicon double-layer plasma
to investigate the effect on the ion beam accelerated in the electric field of the double-layer. The 250 W radio
frequency argon plasma is operated at a pressure of 0.04 Pa in a diverging magnetic field with a maximum of ~140 G
along the primary axis (z-axis). The diverging magnetic field is produced by two primary solenoids aligned coaxially
along the z-axis. Introducing an additional solenoid mounted along the x-axis, perpendicular to the z-axis, generates a
0 to 250 G magnetic field at its center (0 to 55 G at the z-axis) as the supplied current is swept from 0 to 6 A. Spatial
measurements of the ion beam downstream of the double-layer using a retarding field energy analyzer reveal
deflection of the ion beam vector, with the angle of deflection increasing with increasing transverse solenoidal
current. Deflection of the ion beam is observed for both transverse solenoidal polarities, with the polarity determining
the direction of ion beam deflection. Under the influence of the transverse magnetic field, the ion beam vector is
demonstrated to be deflected in the x-z plane as a function of the transverse solenoidal polarity. The ion beam is
measured to be deflected by up to —26 and 14 deg for the transverse polarity pointing out of and into the thruster,

respectively, where positive deflection is defined in the positive x-direction.

Nomenclature
|B| = magnetic field magnitude, G
B, = X-component of the magnetic field, G

B, = Z-component of the magnetic field, G

e = fundamental electronic charge, C

It = current in the transverse solenoid, A

Npeam = ion beam density, cm™

Beam = 10N beam potential, V

Vb = retarding field energy analyzer discriminator
voltage, V

Vieew = downstream local ion potential, V

v, = plasma potential, V

X = X axial position, cm

Xpc = position of ion beam profile center, cm

Xoff = X offset distance of ion beam vector from z-axis, cm

y = Y axial position, cm

Z = Z axial position, cm

ZpL = Z axial position of the double-layer, cm

Zrrea = Z axial position of the retarding field energy
analyzer, cm

0p = two-point steering angle between ion beam and z-axis,

degrees
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angle between ion beam vector and z-axis, degrees
angle of deflection of ion beam vector from the default
(Its = 0 A) beam angle 0g.,,,,, degrees

Ooa = standard deviation of the two-point steering angle at

z =736 cm for Ig = 0 A, degrees

double-layer potential drop, V

eBeam
edef

®oL =

1. Introduction

LECTRIC propulsion (EP) technology has been developing

over recent decades, with numerous EP systems, such as the
gridded-ion thruster (GIT) and the Hall effect thruster (HET) [1,2],
providing high specific impulse values (~3000 s for the NSTAR GIT
[3]). EP systems are suitable for both deep space missions and
attitude control for spacecraft in geosynchronous Earth orbit. A
number of successful deep space missions have flown with EP
systems providing the primary in-space propulsion including the
GIT propelled Deep Space-1 mission [3,4] and the HET propelled
SMART-1 mission [3,6].

It is often beneficial to provide thrust offset from the spacecraft
center of mass [7]. Providing deflection to the thrust vector can be
achieved via a number of methods. Mechanical gimbals are the most
common approach, which involves mounting the thruster on a
structure that allows the physical tilting of the thruster attached to the
spacecraft body [8,9]. Another option is influencing the ion beam
after it has been accelerated by the thruster. This can be achieved by
using solenoids or electrostatic plates to apply electromagnetic body
forces to the charged particles in the beam [7,10]. The acceleration
mechanism can also be perturbed which results in generation of the
ion beam at an angle to the thruster axis. This can be executed by
translating the acceleration grid in a GIT or offsetting the density
distribution in a HET [7,11,12]. Finally, mounting multiple thrusters
on the spacecraft body allows variable thrust levels from each which
controls the overall thrust vector orientation [13].

Modifying the typically azimuthally symmetric magnetic field in
EP systems has been simulated for a HET system [14] and inves-
tigated experimentally for the helicon double-layer thruster (HDLT)
[15]. The HDLT is an electrodeless, neutralizer-free magnetoplasma
thruster that has been demonstrated to accelerate ions in the potential
drop of an electric double-layer (DL) experimentally [16-20],
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theoretically [21-23] and through simulations [24,25]. The HDLT
can be scaled in size and power [26,27] and has been demonstrated to
operate with a variety of propellants [28,29]. Studies of the ion beam
have identified a very low beam divergence (less than 10 deg for
argon and 6 deg for xenon), with a constant exhaust velocity across
the thruster radius [30,31]. Introduction of a transverse magnetic field
(TMF) to the HDLT adds transverse components to the divergent
magnetic field and this has been shown to produce asymmetry in the
ion beam profile measured downstream of the DL [15].

In this work, an experimental, two-dimensional spatial mapping
of the ion beam downstream of the DL under the influence of a TMF
is performed in order to correlate the previously measured ion
beam profile asymmetries to a deflected ion beam vector (IBV).
Identification of IBV deflection under both polarities of the TMF is
likely to suggest single-axis steering capability for the HDLT under
the influence of a single transverse solenoid (TS). Operating a
magnetically-steerable HDLT with a single TS incorporates the
benefit of reduced complexity by avoiding mechanical gimbals and
minimizing the additional solenoidal weight.

II. Experimental Setup and Diagnostics

The investigation into the effects of TMFs on the HDLT is
performed in the Chi Kung experiment, the plasma reactor in which
the DL generated ion beam was first detected [16] and on which the
HDLT prototypes are based [30,32]. Chi Kung, as described
previously [33] and shown in Fig. 1, consists of a31 cmlong, 15 cm-
diam cylindrical Pyrex source tube attached contiguously to a 30 cm
long, 32 cm-diam aluminum diffusion chamber. Surrounding the
source tube (~5 cm off the Pyrex surface) between z = 3 and 20 cm
is a 1.5 mm thick, silver-coated, copper double-saddle helicon
antenna (not shown in Fig. 1 for clarity) which is supplied with
250 W radio frequency power at 13.56 MHz via a manual, custom
built L-matching network/generator system. The matching network
consists of two tuneable capacitors: a 20-2000 pF load capacitor in
parallel with the antenna and a 20-500 pF tune capacitor in series
with the antenna. Surrounding the source tube, about 1 cm away from
the antenna, are the primary solenoids. The primary solenoids consist
of two coaxial solenoids placed at (x, z) = (0, 1.4) cm (referred to as
the source solenoid) and (0, 21.1) cm (referred to as the exit solenoid)
with their polarities both pointing north into the diffusion chamber
(positive z-direction). The resulting magnetic field B, exhibits a
double-peak in the source tube along the z-axis with a maximum of
~140 G extending into a diverging magnetic field of a few tens of
gauss downstream in the diffusion chamber. The simulated magnetic
field lines are shown as solid black lines in Fig. 1. Three-dimensional
simulations of the magnetic field are performed using numerical
integration of the Biot-Savart law. To determine the accuracy of the
simulations, the z-component of the magnetic field along the z-axis is
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Fig. 1 Schematic of the Chi Kung plasma reactor.
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compared with gaussmeter measurements along the z-axis. The
simulated and measured magnetic fields agree to within 6%.

The diffusion chamber is pumped down to a base pressure of
1.1 x 1073 Pa (measured with an ion gauge positioned at the top of
the diffusion chamber, at (x, y, z) = (0, 16,45) cm) usinga 150 L/s
turbomolecular/rotary pumping system attached to the side port in
the diffusion chamber wall at (x, y, z) = (16,0, 54) cm. Argon gasis
injected at a rate of 0.038 mg.s™' via a chamber side port at
(x,y,2) =(16,0,37) cm and an operating pressure of 0.04 Pa is
measured with a baratron gauge at the bottom of the diffusion
chamber at (x,y,z) = (0, —16,45) cm. Measurements in an argon
plasma operating at 250 W, 140 G and 0.04 Pa have observed a DL at
Zpr, = 25 cm (shown as adashed-dotted line in Fig. 1, near the source
tube exit) [34]. The interface between the source tube and diffusion
chamber is defined as z =30 cm, where the z-axis is along the
primary axis of the cylindrical reactor. Inserted into the backplate of
the diffusion chamber is a retarding field energy analyzer (RFEA)
[35,36], as shown in Fig. 1. The probe is mounted on a slide and can
be swept across the diameter of the backplate along the x-axis in the
region between x = —14 and 14 cm and inserted/retracted along the
z-axis, allowing the two-dimensional x-z plane to be investigated.
Measurements in this plane can be performed without the need to
break the vacuum to reposition the probe nor requiring approxi-
mations of cylindrical symmetry, as previously required [31].

To deflect the IBV to provide thrust at an angle to the primary axis
(z-axis) of the HDLT, a TMF is applied via a single TS positioned at
(x,z) = (—16.2,10.5) cm and aligned along the x-axis. The 10 cm
long, 20 cm-inner-diam TS is similar to the primary solenoids with
~800 turns of copper wire. Supplying the TS with a current of 3 A
results in a maximum magnetic field magnitude |B| of 123 G at the
center of TS, while an effective current of 3 A in the source and
exit solenoids individually produces a maximum magnetic field
magnitude |B| of 132 and 118 G, respectively. The current in the
primary solenoids is referred to as effective as a consequence of their
characteristic double winding, which requires a current of 6 A to be
supplied to produce a current of 3 A to flow through the solenoidal
wires [37]. Throughout the experiments, the source and exit
solenoids consistently experience an effective current of 3 A each,
with the polarity of the magnetic field pointing north into the
diffusion chamber in the positive z-direction. The current in the TS is
swept from /15 = 0 to 6 A to produce TMFs of either polarity [north-
in (Nin) or north-out (Nout)] and at varying magnitudes (ranging
from O to 246 G at the center of the TS). Because the TS does not
surround the source tube like the primary solenoids, the magnetic
field at the center of TS of 0 to 246 G corresponds to a magnetic field
(B,) of 0 to 56 G at (x,z) = (0,10.5) cm (at the z-axis). The
combination of the primary magnetic field (predominantly aligned
along the z-axis) and TMF (predominantly along the x-axis) is not
simply the summation of the two. Consequently, the combination of
the two magnetic fields in the source result primarily in a deflection of
the overall magnetic field from the z-axis and slight changes to the
magnetic field magnitude (~15 G change along the z-axis from
I+s = 0to 3 A Nout).

Introducing the TMF to the Chi Kung source deflects the primary
magnetic field lines (shown in Fig. 1 in the absence of the TMF), and
the magnitude and direction of this deflection is dictated by the
current supplied to the TS. This increasing deflection of the magnetic
field lines in Chi Kung causes the plasma coupling to change and the
matching network must be adjusted slightly for each TS current /14
increment. Consequently the supplied radio-frequency power varies
from 250 W by 2 W due to these matching network changes. No
significant changes to the plasma are visible through the small
windows in the Chi Kung reactor as a function of the TMF. It is
assumed that the introduction of the TMF does not cause the position
of the DL to shift from z = 25 c¢m. The simulated magnetic field lines
passing through x = (—5.5, -2.25, 0, 2.25, 5.5) cm at z =30 cm
under the influence of the TMF is shown in Fig. 2 for the two TS
polarities: Nout and Nin. The magnetic field lines passing through x
(-2.25, 2.25) cm at z =30 cm are not shown in the source
(z =30 cm) for clarity. The current is swept in 2 A increments:
I+ = 0 A (solid line), 2 A (dashed line), 4 A (dashed-dotted line),
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and 6 A (dotted line), for both Nout and Nin. As the current in TS is
increased, the field lines in the source are deflected increasingly
parallel to the direction of the TS polarity, while the field lines in the
diffusion chamber are increasingly deflected antiparallel. However,
closer inspection of the magnetic field in the diffusion chamber
shows that the interface between parallel and antiparallel deflection
occurs at around z = 40 cm, depending on the x-position. Conse-
quently, RFEA measurements of the ion beam between z = 31 and
36 cm will be performed in a region where the magnetic field lines are
deflected parallel to the polarity of the TS. Overthe 31 < z < 36 cm
range, the magnetic field lines at x =0 cm deflect under the
influence of the TMF by no more than 2 and 4 deg from the primary
solenoidal field for TS Nin and Nout, respectively. At the center
(x=0cm) of the previously measured DL position [34]
(zpL = 25 cm), the angle of deflection of the I > 0 A magnetic
field from the primary /15 = 0 A magnetic field for TS Nin and Nout
is less than 7 and 11 deg, respectively.

Inserting the RFEA into the diffusion chamber, facing the plasma
source (negative z-direction), and sweeping the RFEA discriminator
voltage from V;, = 0to80Vin 0.4V steps allows ions to be collected
through the 2 mm-diam orifice as a function of their energy.
Differentiating the collected ion current with respect to V, enables
the ion energy distribution function (IEDF) to be determined [38].
Measurements are not of the actual IEDF, but rather the energy of
ions falling through the plasma sheath in front of the grounded RFEA
[34]. When an ion beam is present, two populations of ions can be
identified in the IEDF: a lower-energy local plasma population
(denoted as Local) and a higher-energy ion beam population
(denoted as Beam) [16]. The energy (eV),) at the center of each of the
two Gaussian profiles is regarded as the energy of each population.
The difference between the two population energies is defined as the
DL potential energy e¢p; = €Vpeam — €V oca- The ion beam density
Npeam 18 calculated to be the current measured by the RFEA at the
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Fig. 2 The simulated magnetic field under the influence of the TMF of
polarity a) Nout and b) Nin.

beam potential V., scaled by a simple calibration using a Langmuir
probe biased at —70 V. In the absence of TMFs, the ion density just
downstream of the previously measured [34] DL position (zp,=
25 cm) is ~5 x 10° cm™ and decays exponentially with distance
due to ion-neutral collisions [39]. The accuracy of the density
measurements has been previously determined to be about £20%
due to calibration of the ion density from the total ion current
measured with the RFEA [39].

Previous RFEA measurements have demonstrated perturbation of
the ion beam current profile (not calibrated to density) downstream of
the DL (measured across the x-axis) under the influence of a Nout
TMF [15]. In the present study, deflection of the IBV under the
influence of a TMF (of both polarities) is investigated using two
methods. Firstly, the ion beam deflection is investigated as a function
of the TS current 0 < I3 < 6 A to identify the solenoidal current
regions likely to produce IBV deflection. Secondly, to measure the
influence of the TMFs identified in the first method on the IBVs
and subsequently identify the IBV alignment, the two-dimensional
x-z plane is mapped out in the region —14 <x <14 cm,
31 <z<36cm.

III. Influence of the TS Current

Measurements of the ion beam density profile ng.,, at z = 36 cm
(11 cm from the previously measured [34] DL position at zp =
25 cm) can be used to determine the influence on the ion beam of a
TMEF of increasing magnitude. The RFEA is swept in 1 cm intervals
across the x-axis between x = —14 and 14 cm with measurements
made for each TS current value from /5 = 0 to 6 A at increments of
1 A for both polarities. The ion beam density profile ng,,, for each
value of I is measured and the results are plotted as a color contour
in Fig. 3. In agreement with previous measurements of the ion beam
current profiles for TS Nout [15], the ion beam density profiles in
Fig. 3 exhibit asymmetry as the current in the TS is increased, and this
asymmetry is accompanied by an increase in the ion beam density
Npeam Magnitude. The observed ion beam asymmetry measured at
z =36 cm is suggestive of a deflected ion beam, however, it is also
possible that the ion beam may not be deflected at an angle but instead
offset some distance x; parallel to the z-axis.

An offset ion beam could be used to produce torque on the space-
craft body, however, for most spacecraft geometries the torsional
effect of an offset ion beam will be diminished when compared with a
deflected IBV. The RFEA measurements in this section focus on
identifying asymmetries in the ion beam density 7., profile across
the x-axis at z = 36 cm as a function of the current and polarity of the
TS, similar to previous work [15]. The identified asymmetric ion
beam density np.,, profiles will subsequently be investigated
spatially in the following section to determine if the IBV is deflected
at an angle or if the ion beam is offset a distance x, parallel to the
z-axis. If the ion beam density np.,, profiles across the x-axis
measured at various z-positions are found to shift increasingly along
the x-axis as the RFEA z-position is increased, deflection of the IBV
will be observed. Alternatively, if the ion beam density ng.,,, profiles
across the x-axis remain unaffected by movement of the RFEA along
the z-axis under the influence of the TMF, then the ion beam will be
observed to be offset by a distance x parallel to the z-axis.

The circles in Fig. 3 (fit with quadratic solid black lines) denote the
position of the center of the ion beam profiles, referred to as the beam
center xgc. The beam center positions xgc are calculated using a
method previously described [15]. Briefly, the ion beam profile is
integrated between the two points intersecting with the full-width
half maximum (FWHM) of the profile, referred to as the FWHM
points. With this total integral calculated, the profile is cumulatively
integrated from one FWHM point towards the other until the
cumulative integral equals half the total integral. This point is defined
as the beam center position xgc. Using the beam center positions, an
estimate of the beam angle can be obtained and the right vertical axis
in Fig. 3 shows the inferred two-point steering angles 6,p, scaled to
coincide with the x-axis, calculated from the beam center positions
xgc- The dotted lines in Fig. 3 show the x-position and two-point
steering angle 0,, for the peak ion beam displacements at Irg = 0 to
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Fig. 3 The ion beam density ng,,, profiles measured across the x-axis
at z = 36 cm with the TS polarized: a) Nout and b) Nin.

4 A Nout and 3 A Nin. The two-point steering angle 6, is calculated
assuming the x-axially symmetric ion beam travels on a straight path
from the center (x = 0 cm) of the DL position (zp;, = 25 cm) to the
RFEA at zgpga = 36 cm such that

f,p = tan~! —BC (1)

ZRFEA — <DL

This calculation assumes the DL z-position is unchanged in the
presence of the TMF. The spatial measurements of the ion beam in
Sec. IV will evaluate the validity of the two-point steering angle by
directly measuring the IBV under the influence of the TMF.

Figure 3a shows that for the Nout case both the ion beam density
Npeam and beam center position xpc increase with I until I1g = 4 A.
Beyond I3 = 4 A, theion beam density at xg- decreases and the rate
of beam center displacement decreases. The results for reversing the
polarity to Nin are shown in Fig. 3b, which shows that ng.,, as a
function of /15 has a larger gradient than for the Nout case, and the
Xgc positions are offset in the direction of the TS polarity up to a
current of /1 = 3 A for the Nin case. Beyond /73 = 3 A, the Ninion
beam density profile suddenly jumps antiparallel to the TS polarity
and then resumes shifting parallel to the TS polarity with increasing
I's. Consequently, spatial measurements in Sec. IV with the RFEA in
the region —14 < x < 14 and 31 < z < 36 cm of the ion beam will
be performed for TS currents up to /It =4 A Nout and 3 A Nin.

As the current in the TS is swept from I = 0 to 6 A in Fig. 3, the
ion beam density at the beam center positions xpc remain in the range
1 x 10° < ngegm <2 x 10° cm™ for both polarities. As discussed
in Sec. II, source-facing RFEA measurements downstream of the DL
reveal two ion populations with respective energies of eV ., and
€Vpeam- Measurements of the ion beam energy eVp.,, reflect the
plasma potential energy eV, just upstream of the DL [16]. Ions in the

source region (z < 30 c¢m) at an energy eV, passing through the DL
at zp;, = 25 cm will be accelerated by the electric field of the DL into
the diffusion chamber. As the current in the TS is increased (and thus
the TMF magnitude) from I35 = 0 to 6 A, the beam potential V..,
remains relatively unchanged (within 10%) from ~55 V and the DL
potential drop ¢p; decreases from ~20 V to about 10 V, for both
polarities. Spatial RFEA measurements of the IBV should reveal
whether the observed offset in the ion beam density profiles in Fig. 3
is the result of ion beam deflection or an ion beam offset from and
parallel to the z-axis. A deflected ion beam will suggest that the plane
of the DL has become tilted, such that ions accelerated in the electric
field of the DL are accelerated at a pitch angle to the z-axis. The stable
ion beam and DL potential measurements suggest that the magnitude
of the accelerating potential structure inside Chi Kung remains
relatively unaffected by the introduction of the TMFE.

IV. Spatial Ion Beam Measurements

Spatial measurements of the ion beam density 71p,,, are performed
in the absence of the TMF (i.e. It =0 A) to obtain a baseline
measurement to compare with measurements made in the presence of
the TMF. The source-facing RFEA is swept across the x-axis in 1 cm
x- and z-intervals, taking measurements in the region —14 < x <
14 cm and 31 < z < 36 cm. The region is shown in Fig. 4a as the
dashed box. A color contour plot of the ng.,,, values measured with
the RFEA is shown in Fig. 4b. The color contour in Fig. 4b shows the
density measured by the RFEA, ranging from 0 to 2 x 10° cm™.
These values will be used to obtain a relative comparison with the
measurements of ng,, for various TS current /15 configurations to
follow.

The circles in Fig. 4b indicate the calculated beam center positions
xgc for each sweep of the probe across the x-axis. The xg¢ positions
are fitted with a linear line of best fit (solid line) and the solid line
through the xpc positions is considered the IBV. In Fig. 4b, the angle
between the IBV (solid line) and the z-axis (dashed line) is shown and
is the beam angle, 05, (0A) = 5.7 deg. To evaluate the effect of the
TMEF on the ion beam, the difference between the I+ = 0 A beam
angle and the beam angles for /g > 0 A will be compared.
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Fig. 4 a)Measurement region in Chi Kung for I35 = 0 A and b) spatial
ion beam density ng,,,, measurements inside the measurement region.
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Sweeping the discriminator voltage in 0.4 V increments from
Vp = 0to 80 V to measure the collected ion current as a function of
Vp introduces an uncertainty of 0.4 V to the voltage at which the
current is collected. Using this voltage uncertainty, the uncertainty in
the angle of the IBV to the z-axis (fg.,m ) can be calculated as follows.
Adding and subtracting 0.4 V to the obtained beam potential Vi,
results in what is defined as an upper and lower ion beam density
Npeam» Tespectively. Because a lower beam potential Vggum
corresponds to a greater number of ions collected, the upper and
lower beam potentials measure smaller and greater ion beam
densities, respectively. Calculating the upper and lower ion beam
densities across each x-sweep of the RFEA in the range
—14 <x <14 cm, 31 <z <36 cm produces ion beam density
Npeam profiles that are smaller and greater (by up to 8% for It = 0 A)
in magnitude, respectively, but do not vary much in terms of
asymmetry. Consequently, calculating the upper and lower beam
center positions xpc and the associated IBVs reveals a very small
angular error as a result of the 0.4 V discriminator voltage Vp,
discretization. Uncertainties in the beam center positions are
sufficiently small their error bars are indiscernible and have not been
plotted in Fig. 4b. In the absence of TMFs, the uncertainty in the
beam angle Op.,(0A) =5.7 deg is +0.4 deg. It is possible that
there are other effects influencing the measurement, however, this
calculation shows that uncertainty in the beam potential Vg,
generally causes an overall increase or decrease in the ion beam
density ng.,y, profile and has only a small effect on the resulting beam
angle Ogeum-

The observed 6g.,,,(0A) = 5.7 & 0.4 deg natural steer for Itg =
0 A shown in Fig. 4b suggests that, in the absence of an applied
asymmetry via a TMF, the ion beam exhibits a violation of cylindrical
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symmetry. The cylindrical geometry of the Chi Kung experiment
should produce a plasma that exhibits azimuthal symmetry.
Misalignment of the primary solenoids (source and exit) could lead
to an angular uncertainty of the primary magnetic field of ~1 deg
relative to the diffusion chamber, with the source tube angular
uncertainty also ~1 deg relative to the diffusion chamber. These are
insufficient to account for the natural steer observed in Fig. 4b. The
measurements in Fig. 4b are the first spatial measurement of the ion
beam in Chi Kung and show thation beam symmetry is not produced.
A possible explanation for this ion beam density asymmetry is the
double-saddle antenna asymmetry [40], however, the focus of this
study is the change to the ion beam in Fig. 4b under the influence of a
TME, not the properties of the ion beam in the baseline measurement
itself.

A Nout TMF is generated by applying a current to the TS from
Its =1 to 4 A. Measurements of the ion beam density ng.,,, under
the influence of these Nout TMFs are performed by sweeping the
source-facing RFEA across the x-axis in 1 cm x- and z-intervals,
with measurements made in the region —14 <x < 14 cm and
31 <z <36 cm, as shown in Fig. 5a. The result of these ng.,y,
measurements are plotted as a color contour in Fig. 5b—5e. The beam
center positions xpc (circles) are calculated for each sweep of the
RFEA across the x-axis and show a linear trend. Fitting the xgc
positions with a straight line (solid line) provides an indicator of the
IBV. The beam angles 6., shown in Fig. 5b-5e are calculated
between the IBV (solid line) and the z-axis (dashed line). Uncertainty
in the Nout beam angles 05, are calculated as a result of the 0.4 V
uncertainty in the discriminator voltage V, described above and
found to be less than 0.7 deg. As the current in the TS I is
increased, the straight IBV becomes increasingly deflected and the
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beam angle increases from the natural steer of g, (0A) = 5.7 £
0.4 deg in the direction of the Nout TS polarity (in the negative
x-direction). The observed IBV deflections suggest that the TMF
induces a tilting of the plane of the DL, which results in ions that pass
through the DL being accelerated at a pitch angle relative to the
Z-axis.

Spatial measurements of the ion beam under the influence of a Nin
TMEF are obtained by reversing the polarity of the TS. As before, the
source-facing RFEA is swept across the x-axis in the region 31 <
7 =36 cmand —14 < x < 14 cm in increments of 1 cm in the x-z
plane, as shown in Fig. 6a. As a consequence of the discontinuity in
the behavior of the Nin ion beam density profile in Fig. 3b, I1g is
swept from 1 to 3 A in the current region identified in Sec. I1I as likely
producing IBV deflection. The Nin spatial ion beam density
measurements are shown as color contours in Fig. 6b—6d. The beam
center positions xgc (circles) show a linear trend which is fitted by a
straight line (solid line), representing the IBV. Because of the
discriminator voltage uncertainty of +£0.4 V, the calculated
uncertainty in the Nin beam angles g, is +0.5 deg. As the
current in the TS Irg is increased, the angle Og.,, between the IBV
(solid line) and the z-axis (dashed line) increases in the direction of
the TS Nin polarity (in the positive x-direction).

Both the Nout and Nin measurements of the ion beam density
Npeam i Fig. 5 and 6, respectively, show straight IBVs which are
deflected at an increasing angle as a function of the current /5 in the
TS. Therefore, the effect of the TMF is to deflect the ion beam at an
angle, and not offset the ion beam a distance from and parallel to the
z-axis. Calculating the difference between the natural steer angle of
Opeam(0A) =5.7 £ 0.4 deg and the TMF beam angle 6g..m
(Its > 0 A) produces the angle of deflection Oy; = Ogeym (0A)—
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Opeam: the angle through which the ion beam is deflected by the TMF.
Figure 7 shows the values of 6. (and the two-point steering angles
0,p from Fig. 3), for both TS polarities. The values of 6, and 6, for
the TS Nout case are each multiplied by a factor of (—1) to compare
the magnitudes of 6,.; and 6, for both polarities. The I+ = 0 A two-
point steering angle offset of 1.8 £ 0.6 deg is removed from the
values of 6,5 plotted in Fig. 7 to allow comparison with the deflection
angles. The two-point steering angle error bars are calculated
similarly to the deflection angle 6, error bars, with the uncertainty in
the beam center positions xpc determined as a result of a 0.4 V
uncertainty in the discriminator voltage V. Uncertainty in the two-
point steering angle 6, is calculated using the upper and lower xg¢
positions in Eq. (1). Figure 7 shows that the angles of deflection
follow similar trends for both polarities and suggests that the
mechanism behind Nout and Nin magnetic steering is similar.
Maximum angles of deflection of up to (—1)8,; = 26 deg for TS
Nout (at4 A) and 0,;; = 14 deg TS Nin (at 3 A) are measured under
the influence of the TMF.

Estimation of the effect of ion beam density ng,,, measurement
uncertainty on the deflection angle 6, using the discriminator
voltage uncertainty of £0.4 V, described above, does not take into
account all the effects which can cause uncertainty in the ngg,,
measurements. To compensate for this, the standard deviation of the
beam center position xgc measured with eight individual sweeps of
the RFEA across the x-axis at z =36 cm for Iy =0 A can be
calculated and plotted in Fig. 7. Performing repeated measurements
of the ion beam density np.,, across the x-axis for each z-position
under each Irg configuration is beyond the scope of the study.
However by determining the standard deviation for the single case of
Its =0 A at z=36 cm, we can evaluate the validity of the
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Fig. 7 Deflection angles 04.; and two-point steering angles 6,p.

discriminator voltage uncertainty analysis used to obtain the error
bars plotted in Fig. 7 and show the scale of random noise in these
measurements. The standard deviation in the beam center position
xgc at z =36 cm for Irg =0 A is calculated to be £0.1 cm,
resulting in a two-point steering angle (calculated using Eq. (1)) with
a standard deviation of oy = 0.6 deg. The 6, standard deviation
0y4 is plotted to the left of the /g = 0 A angles in Fig. 7 and shows
that the standard deviation measured at this point is similar to the
uncertainty of both 6,, and 6, calculated as a result of the £0.4 V
discriminator voltage V) uncertainty.

The values of ion beam deflection obtained here (total single-axis
range ~40 £ 1 deg) are significant since gimbal steering systems
usually operate within a maximum range of about £5 deg [12].
Simulations performed on a Hall thruster to investigate the potential
use of a magnetic thrust vectoring system have demonstrated that the
ion beam angular distributions may be varied in the range of 10 deg
[14].

In this work it has been shown that the IBVs are deflected under the
influence of the TMF of both polarities and the angles of deflection
O4e¢ scale with increasing TS current /1. The deflection angle 6.
trend roughly follows the behavior inferred from the two-point
steering angle 6,p calculations, with both angles (fy; and 6,p)
plotted in Fig. 7 for both TS polarities. The two-point steering angle
provides a good first order approximation of the deflection angle,
with values of 64 and 6, differing by at most 80% for both the Nout
case and the Nin case.

At a TS current of Iy =4 A Nout and /15 =3 A Nin, the
magnetic field lines in the measurement region (31 < z < 36 cm)
are all deflected from the /75 = 0 A field lines by less than 5 deg. At
the position of the DL (zp;, = 25 cm) the magnetic deflection is less
than 8 deg. This magnetic field deflection is significantly less than
that exhibited by the ion beam under the influence of the TMF (—26
and 14 deg for TS Nout and Nin, respectively). If the ions were
following the field lines, the ion beam would be deflected at most by
the angle of the field lines. The significant discrepancy between the
angle of the magnetic field and the deflected ion beam suggests that
the angle of the magnetic field under the influence of a TMF is not the
dominant factor in controlling the angle of ion beam deflection. The
straight, deflected IBVs in Fig. 5 and 6 suggest the TMF induces a tilt
to the plane of the DL. Determining the complex interaction between
the TMF and the DL (and the magnitude of the possible DL tilt) is
well beyond the scope of this work and represents an avenue for
future study.

V. Conclusions

The introduction of a TMF is found to deflect the ion beam
generated by ahelicon DL plasma, with the direction of the deflection
determined by the polarity of the TMF and without any significant

degradation to the DL and ion beam characteristics. Ion beam
deflection angles of up to (—1)60y; = 26.1 + 0.8 and O,y = 13.5 +
0.7 deg are measured for TS currents of /g = 4 A for the Nout case
and Its = 3 A for the Nin case, respectively. The ion beam density
Npeam 1S Observed to remain in the range 1 x 10° < ngm <
2 x 10° cm™ at the center of the ion beam profiles xyc as the current
in the TS is swept from /15 =0 to 6 A for both polarities. It is
proposed that the TMF induces a tilt to the DL, causing ions to be
accelerated at a pitch angle to the z-axis.

In terms of its application, introducing a TS to the HDLT provides
an experimental demonstration of magnetically-induced thrust
vectoring of an EP system. By demonstrating thrust vectoring in two
directions (positive and negative x-direction) using only a single
solenoid, it is possible to provide thrust vectoring without the
additional dry mass of a second TS. Magnetic thrust vectoring may
provide an alternative for missions where a mechanical gimbal
structure or multiple thrusters are inappropriate due to the reduced
complexity and wide angular range.
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