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Abstract
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A 3D, steerable magnetic nozzle (MN) is presented that enables contactless thrust vector control
of a plasma jet without any moving parts. The concept represents a substantial simplification
over current plasma thruster gimbaled platforms, and requires only a small modification in
thrusters that already have a MN. The characteristics of the plasma expansion in the 3D magnetic
field and the deflection performance of the device are characterized with a fully magnetized
plasma model, suggesting that thrust deflections of 5° —10° are readily achievable.

Keywords: electric space propulsion, thrust vector control, magnetic nozzles

1. Introduction

Spacecraft using plasma thrusters need a thrust vector control
(TVC) device to modify the direction of the thrust force
during the mission. Deflections of about 8°-10° in all direc-
tions are sufficient to compensate center of mass displace-
ments and to cover the requirements of the vast majority of
current propulsive missions [1, 2]. Present TVC solutions
consist of mounting the thrusters on complex and heavy
gimbaled platforms [3, 4] or robotic arms [5]. As with any
other moving part, they are a costly and delicate piece of
equipment that may affect the overall reliability of the system.
Moreover, these pointing mechanisms introduce a number of
additional issues, such as the need for flexible piping and
connectors to the thruster, higher complexity for thermal
control, and the damping of shocks and vibrations. TVC
concepts using mechanically displaced ion grid optics [6],
asymmetric gas injection and magnetic fields in Hall effect
thrusters [7], or acting on the plasma jet by means of a fixed,
large external coil located on one flank of the thruster [8] have
been proposed as alternatives.

Magnetic nozzles [9, 10] (MNs) serve as the contactless
acceleration stage of several next-generation plasma thrusters,
including the helicon plasma thruster [11, 12] (HPT), the
electron-cyclotron-resonance thruster [13, 14] (ECRT) the
applied-field magneto-plasma-dynamic thruster [15, 16] and
the variable specific impulse magnetoplasma-rocket
(VASIMR) [17-19]. Other thrusters like the high-efficiency
multistage plasma thruster [20] and the diverging cusped field
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thruster [21] have MN-like magnetic configurations. In their
basic design, MNs consist of an axisymmetric, convergent-
divergent magnetic field B that guides the expansion of a hot
plasma to form a supersonic jet. Their operation principles are
now well understood [22-26] and have been observed
experimentally [18, 19, 27-33]: in the MN, ions gain axial
kinetic energy at the expense of electron internal energy
thanks to the mediation of the self-consistent electric field.
Additional plasma acceleration mechanisms exist in some
devices like the VASIMR which rely on ion internal energy
rather than electron internal energy. Correct operation of the
MN requires that at least the electrons be well magnetized; the
reaction to the magnetic forces that shape the plasma
expansion are felt on the magnetic circuit of the thruster,
creating magnetic thrust. Finally, the plasma detaches from
the guiding magnetic field downstream due to demagnetiza-
tion and inertia.

Typical laboratory prototypes of these technologies run at
powers from 100 W to 30 kW, and on propellants that go
from light ones, as hydrogen, to heavy ones, as xenon. The
diameter of the plasma source ranges from 1 to 10 cm, and
magnetic strengths of 0.04—4 T are used. To provide two
specific examples of actual test devices relevant to the present
study, the VASIMR (in helicon source-only mode) has been
operated on argon at 30 kW with magnetic strengths up to
0.17-2 T, reaching near-full ionization, and plasma densities
and electron temperatures around 10'°-10*° m™* and 10eV
in the exhaust plume [18, 19]; the ECRT at ONERA operates
on a range of gases at 0.1 T, densities 10'8-10"° m73, and

© 2017 I0P Publishing Ltd
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electron temperatures of 10-25eV [14]. Except in devices
where direct ion heating is applied (e.g. VASIMR with ICRH
stage), the ion temperature is a small fraction of the electron
temperature. The plasma in the thruster plume is near-colli-
sionless, with mean-free paths that increase rapidly down-
stream as the plasma expands and the neutral and plasma
densities decrease, and values at the MN throat already larger
than the characteristic radius of the plasma (about a factor 4 in
the VASIMR in helicon source-only mode [19]; about 10* for
the ECRT at ONERA [14]).

A non-symmetric MN configuration would allow not
only to guide and expand the plasma jet, but also to deflect it
laterally in any direction to control the thrust vector. Fol-
lowing this line of thought, this work proposes and explores
the theoretical performance of a novel TVC system for
electric space propulsion based on a steerable or vectorial
magnetic nozzle (VMN) that has no moving parts and can
provide a significant simplification of the electric propulsion
subsystem with respect to the current state of the art. The
concept is particularly interesting for plasma thrusters that
already incorporate an axisymmetric MN, as only a minor
modification to the construction of the magnetic generator
assembly is necessary to turn it into a VMN. The concept is
likewise applicable to other plasma technologies such as
plasma material treatments to control the region of deposi-
tion/erosion [34, 35].

The rest of the paper is structured as follows. Section 2
describes the construction, advantages and disadvantages of
VMNs. The magnetic setup used in the analyses of the fol-
lowing sections is introduced there. Section 3 presents the 3D
version of the fully magnetized plasma expansion model of
[36], which is then used in section 4 to discuss in detail the
3D plasma plume properties of the VMN. In section 5 several
simulations are used to analyze the TVC capabilities of the
VMN. Finally, section 6 comments on the range of validity of
the model and its results when a partially magnetized plasma
is considered, and section 7 gathers the conclusions of
this work.

2. The 3D vectorial MN

A 3D VMN can be realized in several ways. A first, naive
approach would rely on a gimbaled magnetic coil or perma-
nent magnet array, which would be reoriented mechanically
to steer the applied magnetic field in the required direction.
This approach, however, does not offer any advantages in
terms of simplicity and reliability with respect to other gim-
baled TVC systems.

A second, more advantageous approach is to have an
arrangement of N > 3 intertwined magnetic coils, whose
position is fixed with respect to the thruster and whose electric
current can be modified independently [37, 38]. In this
approach, each coil is tilted at an angle o with respect to the
axis of the thruster, and precessed an angle 27 /N with respect
to each other to create a rotational-symmetric configuration
(figure 1). This way, no moving parts are required. Physically,
this type of VMN may be constructed by winding

Figure 1. Top: sketch of a VMN consisting of N = 3 elliptical coils
(red, green blue) with o = 15, wound over a cylindrical spool and
placed at the exit section of a HPT-like plasma source. The director
vectors for each coil axis are displayed as colored arrows. The
reference polygonal angular space in this case is a triangle (in pink).
Bottom: VMN configuration built from N = 5 interlocked circular
coils with o = 15°, whose center has been slightly offset from the
origin of coordinates (plasma source not shown). The reference
pentagon angular space is shown (in pink).

simultaneously the N coils on a circular spool, resulting in a
set of interwoven, slightly elliptic coils (figure 1 top), or by
interlocking N rigid circular coils of slightly different radii
and/or slightly offset from the axis into that position (figure 1
bottom). By controlling the Ampere-turns on each coil, it is
possible to create an orientable 3D magnetic field according
to the following principles:

1. When all coils carry an identical number of Ampere-
turns, the system generates a MN whose axis coincides
with the axis of the thruster (i.e., no deflection). The
magnetic field in this case is near-axisymmetric, with
small asymmetries becoming important only at large
distances from the axis (i.e., in the periphery of the
nozzle, close to the coils). A larger angle v and a lower
N increase this asymmetry.

2. By choosing different Ampere-turn values for each coil
it is possible to break the symmetry and reorient the axis
of the MN:
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Table 1. List of magnetic configurations studied in this work. The Ampere-turn ratios for each case are given as (solenoid):(coil 1):(coil 2):
(coil 3). The last four columns present thrust vector control performance values from simulation results: normalized thrust force magnitude
F(Rs) /Fy, thrust azimuth and polar angles ¢ (Rs) and 6 (Rs), and polar angle of the central magnetic field line 03 (Rs) for Ry = 4.5R (early in

the expansion). All cases have N=3 and /=15 degrees.

Case  Ampere-turn ratios  F(Rg)/Fy, Y (Rs) (©) ORs) (°) 05 (°)
0 15:033:0.33:0.33 1.44 N/A 0.00 0.00
A 15:1:0:0 1.44 5.66 5.76
Al 15:5:0:0 1.34 0.00 11.06 11.24
A 15:2:—0.5:—0.5 1.44 (Triangle vertex) 14.43 14.66
A 15:10:—2.5:—2.5 1.32 30.96 31.29
B 15:0.5:0.5:0 1.44 2.86 291
B’ 15:2.5:2.5:0 1.34 60.00 5.61 5.70
B 15:1:1:—1 1.44 (Triangle edge) 11.92 12.10
B 15:5:5:—5 1.33 26.17 26.52

(a) If all the electric currents on the coils have the same
sign, the axis of the MN can be oriented in any
direction within a reference N-polygonal angular
space, where the maximum deflection angle (at the
vertices of this polygon) is «. This polygon is
depicted in figure 1 for N = 3, 5 and o = 15.

(b) By inverting the sign of some of the electric currents
on the coils it is possible to generate deflections
beyond that N-polygonal space, at the cost of a
higher total electric current for the same field
strength at the origin, and a higher asymmetry in
the MN periphery.

In order to deflect the plasma jet without affecting the
internal plasma dynamics and the internal efficiency of the
device, it is desirable that the VMN control the shape and
intensity of the magnetic field in the plume region without
substantially modifying the internal magnetic topology of the
plasma source. For plasma thrusters that have an essentially
axial applied magnetic field in the plasma source, this is
achieved by placing the VMN arrangement at or near the exit
plane of the plasma thruster. This way, the rest of the thruster
magnetic circuit (e.g. a solenoid-like system or permanent
magnets) exerts the dominant contribution to the internal
magnetic field configuration. Naturally, increasing the relative
strength of the VMN field and the deflection angle increases
the influence of the VMN on the internal magnetic topology
of the source.

To illustrate the tilted-coil VMN construction and its
installation on a plasma thruster, consider a HPT- or ECRT-
like plasma source of radius R inside a solenoid of radius
Rs = 2.5R and length Ly = 8R, and a N = 3 VMN of radius
R, = 6R and a = 15° located at the exit of the source. The
center of each VMN coil coincides with the origin of coor-
dinates, and the director vector of the first coil is contained in
the yz plane. This magnetic circuit is studied in next sections
under several electric current configurations, described by the
ratio of Ampere-turns between the source solenoid and each
of the three VMN coils, in the form (solenoid):(coil 1):
(coil 2):(coil 3), as summarized in table 1. Configuration O
creates a symmetric MN for reference with no deflection.
Configuration A and its variants steer the magnetic centerline

toward one of the vertices of the reference triangle of figure 1.
Configuration B and its variants move it toward one triangle
edge. Primed simulations have a net current in the coils five
times stronger than unprimed ones, but keep the same sole-
noid current, resulting in a larger deflection angle and a lower
plume divergence rate. Simulations with a bar symbol have
negative currents in one or two of the coils, tripling the sum of
absolute values of the currents while keeping the same net
current in the VMN for fair comparison. Figure 2 shows the
magnetic circuit and the magnetic field in configuration A.
Observe that the internal magnetic field remains almost
unaffected by the VMN in this case.

3. Fully magnetized plasma model

To study the operation and performance of the VMN, the two-
fluid plasma model of [36] is adapted here to 3D magnetic
configurations. This model is the fully magnetized limit of the
DIMAGNO model introduced in [24], and it is representative
of the plasma expansion in the near-region plume in a HPT
and similar devices at high magnetic field strength and/or
light propellants.

The plasma is assumed to be composed of single-charged
ions (‘i) and electrons (‘e¢’). The plasma expansion is treated
as quasineutral (n; > n, = n), collisionless, and low-g3 (i.e.,
negligible induced magnetic field effects). Ion temperature is
assumed negligible compared to electron temperature,
T; < T,, and electron inertia is neglected with respect to ion
inertia, m, < m;. Furthermore, the electron population is
simplified as a Maxwellian, isotropic, isothermal species, so
that 7, = const, with 7, = p, /n (although extensions to more
complex electron thermodynamic models are straightforward
[39]). Under these assumptions, the steady-state equations of
continuity and momentum of each species read:

V() =0; V- (m)=0, )]
mi(u,- . V)ul = feV¢) + eu; X B, (2)
0=—T,Vinn + eV — eu, x B, 3)

where all symbols have the same conventional meaning as
in [36].
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Figure 2. Magnetic field generator example used in this work,
composed of a solenoid of 15 circular current loops of radius

Rg = 2.5R, extending from z = —9R to z = —R, and a VMN made
of N = 3 circular coils with R; = 6R, oo = 15 located at the z = 0
plane. The black rectangle indicates the position of the plasma
source, of radius R. The color map shows the magnetic field strength
in the x = 0 plane normalized with its value at the origin, B/Bj,
when the Ampere-turn ratio between the solenoid and each of the
three coils is 15:1:0:0 (simulation case A). The dashed black lines are
contour levels of B/By. Thin solid black lines show the magnetic
lines that pass by the exit of the ionization chamber in this case. For
comparison, the same lines in the symmetric configuration
15:0.33:0.33:0.33 (simulation case Q) are shown as thin dotted white
lines.

Besides the Cartesian vector basis {1, 1,, 1.}, a local
magnetic vector basis {1, 1, 1.} is defined with 1) = B /B,
k1. = (1) - V)1, and 1, = 1 x 1,, where & is the curvature
of the magnetic lines (x = 1, - VInB in a low-3 problem).
The fluid velocity of each species is decomposed into its
parallel component and a drift vector along 1, and 1., here
denoted with a hat, i.e.,

w=w + ;. w, =y + d,. @

Finally, both species are assumed to be fully magnetized,
which requires that the dimensionless ion Larmor radius
based on the sonic velocity be small,

m; T,

< 1 5
eB()R ( )

& =

Of course, this condition ensures that the dimensionless
electron Larmor radius is also small, as
e = Jm,T, / (eBR) < ¢;. For reference, the VASIMR in
helicon source-only mode has &; >~ 0.1 when operated with
argon, and ¢ ~ 0.01 when operated with hydrogen [19].
Assumption (5) allows the asymptotic expansion of
equations (1)—(3) around the zero-Larmor radius limit, where
the motion of each species is mainly along the magnetic lines.
Indeed, as the plasma expands supersonically in the divergent
VMN, ions and electrons have a parallel velocity of the order
of the sonic velocity, u|; ~ uj, ~ ¢, = \/T,/m;, while the
drift velocities (sum of the diamagnetic and E x B drifts)
scale as ii; ~ i, ~ T,/eBR = ¢;c,. Thus, in the limit &; — 0,
u; and @, are negligible, and ion and electron streamlines
coincide with magnetic lines. Note that, in this limit, the ion
Mach number is defined simply as M = uy; /c;.

To zeroth-order in ¢; then, and using the identity

i1y - V) (1) = laL"z"l + kuil (6)
fliH lliH 2 01 [ fli %L
the equation (1) and the projection of equations (2) and (3)
along 1 are integrated along the magnetic streamlines into:

nu; /B = G, @)
nu|. /B = G,, (8)
%miu\fi +e¢ = H,, 9)

T,Inn — e¢p = H,, (10)

where G;, G,, H; and H, are integration constants to be
evaluated from the initial conditions on each magnetic line.
The surfaces defined by the total plasma enthalpy
H = H; + H, = const are termed H-tubes. From the con-
servation of H; and H, along magnetic lines it is evident that
the vector 1) is contained in the tangent space at each point of
these tubes.

Observe that the resulting zeroth-order model is purely
algebraic, so that the plasma properties u;, uj., ¢, n in the
VMN can be obtained by solving equations (7)—(10) in a line-
by-line fashion, with a solution that depends only on the local
value of B. This solution scheme has been implemented into
the open-source code named FUMAGNO, after fully mag-
netized MN. The model can be normalized with R, m;, e, and
T,. Likewise, we may normalize the number density n and the
magnetic field B with their values at the origin, ny and By.

While &;, @, are of order O(g;), the magnetic force terms
eBii;, eBii, are zeroth-order and scale as ~m;c? /R. Indeed, in
a fully magnetized plasma, these terms are responsible for
most of the confinement and streamline deflection of each
species, with the electric forces in the 1, and 1, directions
playing only a minor role. These terms are also directly
related to the generation of magnetic thrust. Using
equations (9) and (10), we may write the 1, and 1, compo-
nents of equations (2) and (3) as:

eBii; = 1 X VH; + mrui1y, (11)

eBii, = -1 x VH,. (12)

These equations can be combined to form an expression of
the first-order electric drift current j = en(@; — ),

i ,[1| x VHR/T)  <RM? 1]
(B/By) (B/By) |

where the first contribution is a confining force that prevents
the perpendicularly-outward expansion of the plasma, and is
always tangent to the H-tubes. The second contribution, in
turn, is an expanding force that deflects ions according to the
local magnetic curvature, and may not be tangent to the H-
tubes. Observe that the first contribution is always diamag-
netic, as the direction of the induced magnetic field it creates
is essentially opposite to the applied field and tends to lower
the magnetization of the plume, whereas the second contrib-
ution is always paramagnetic. Observe also that the full first-
order solution of the model consists not only of the #; and i,

13)

enc
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Figure 3. Plasma density n/n in the VMN, simulation case A (electric current ratios 15:1:0:0). The plot on the left shows the plasma density
on the meridional section of maximum deflection (x = 0). The small plots on the right show the plasma density on z = const sections of the
plume, whose z position is indicated by the vertical red lines in the first plot. Solid black lines represent magnetic streamtubes supported on
circles at z = 0. Dashed black lines are plasma density contour lines.

from equations (11) and (12), but also of first-order terms of
the plasma density, n, and the parallel ion and electron
velocities, u); and u),. These other terms must be computed
by solving equations (1)—(3) to order ¢; and are not computed
in the present work.

To close the model, a sufficient set of boundary condi-
tions needs to be provided. This set should result from the
coupling of the VMN /plasma model with an adequate plasma
source model. In the present work, and for the purpose of
illustrating the plasma expansion and the TVC capabilities of
the VMN, the following conditions are chosen at the plane
z = 0 of figure 2, for x> + y? < R*:

u; = ue = T,/m, (14)

2 2
n=ny exp(—a%), (15)
¢ =0, (16)

i.e., ions are initially sonic (M = 1), the plasma jet is initially
current-free in the 1) direction, the density profile is Gaussian,
and the initial plane is an isopotential surface. The value
a = 31In10 is selected so that the density profile decreases
gradually into the surrounding vacuum, with n = 10 3n,
initially at the plasma jet border.

4. Plasma expansion characteristics

The basic features of the expansion (e.g. magnitude of the
self-consistent electric potential drop and ion acceleration)
resemble those of the 2D MN in the fully magnetized limit for
comparable area expansion ratio [36]. The 3D plasma density
response predicted by the model for the magnetic

configuration A in table 1 (electric current ratios 15:1:0:0) is
shown in figure 3. As it can be observed, the shape of the
initial density profile is essentially propagated downstream by
the 3D magnetic field, with the density maximum following
closely the VMN magnetic centerline. A sample of H-tubes is
also shown in the figure. These tubes, which are supported on
initial plane concentric circles, stop being concentric in
downstream z = const cross-sections, and develop a small
ellipticity. Density contour levels on these cross-sections do
not exactly match the H-tubes, as a small difference in the
ratio between the local value of B and its value upstream
exists that gives rise to a differential expansion between the
+y and —y parts of the plasma plume.

Figure 4 displays the evolution of the self-consistent
electric potential in a meridional section of the VMN for the
same simulation. The isopotential curves are oriented
according to the deflected magnetic field, following the local
value of B. Observe that ion acceleration can be directly
inferred from this graph; an ion Mach number M ~ 3 has
been reached at z ~ 12R.

The two contributions of equation (13) to the difference
between ion and electron first-order drift velocities,
@; — a,)/c; = /(ency), are shown in figure 5 for simulation
A. Note that due to our choice of plasma conditions at z = 0,
there is VH; = 0 in the plasma domain, so it is possible to
identify the first contribution of equation (13) (diamagnetic)
with #@,/e; and the second (paramagnetic) with #@;/¢;
(equations (11) and (12)).

As the magnetic flux in the VMN is conserved, the
magnetic field strength decays as B/BO ~ Ry *(z), where
R(z) is the characteristic radius of the plasma tube at axial
position z. Hence, the contribution of plasma enthalpy to the
drift velocities increases downstream roughly as Ry(z). As
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Figure 4. Electric potential e¢/T, on the meridional section of
maximum deflection (x = 0), simulation case A (electric current
ratios 15:1:0:0). Solid black lines are magnetic streamtubes; dashed
black lines are isopotential lines.

depicted in the top left plot of figure 5, this contribution
reaches a normalized value of O(10%) within the simulation
domain. On the other hand, assuming that x ~ Ry b(2), with
b € [0, 1], the curvature contribution to the ion drift velocity
grows faster than the former one as R‘% ~b(z)M?. The direction
of the total drift current j is a crucial aspect of the expansion,
on which the generation of magnetic thrust and the deflection
of the thrust vector depend. Both the enthalpy and curvature
contributions are larger at the periphery of the plasma, and
have a dominant component along the 1, direction. Consistent
with their dia- and paramagnetic nature, the two contributions
have essentially opposite directions in most of the domain, as
can be observed also in the right plots of figure 5, and
therefore tend to partially cancel each other out. A net dia-
magnetic plasma is required for positive magnetic thrust
generation [24].

From the top right plot in figure 5 it is apparent that,
while the contour levels of the plasma enthalpy contribution
roughly agree with the magnetic streamtubes supported on
circles at z =0, an asymmetry exists in the contribution
magnitude between the —y and +y edges of the plasma cross-
section. Quite differently, the curvature contribution shown in
the bottom right plot of figure 5 does not follow the magnetic
tubes; instead, it markedly depends on the local value of x
and the local direction of the unit vector 1,, which gives it an
important 3D behavior. Indeed, as it can be inferred from the
bottom left plot of figure 5, this contribution creates a drift ion
velocity that essentially points in the +1, direction between
z =~ 1 and 3, where all magnetic lines of the meridional plane
are curved toward the —1, direction. Lastly, note that the two
contributions to j /(enc;) are 3D vectors which have in
general an out-of-plane component in the right plots of
figure 5, which is not depicted by the arrows of these plots.
This out-of-plane component in the 1, direction is about 10%

of the vector magnitude at z = SR in the periphery of the
plasma plume.

5. TVC performance

To analyze the TVC capabilities of the VMN it is necessary to
define a few figures of merit. Firstly, the integral of the total
plasma momentum flux over a spherical surface S(Rg) of
radius Rg > R and center at the origin defines the thrust force
vector F (Rg) produced by the VMN up to that section, as a
function of Rg. The components of this vector, i.e., F;(Ry),
F,(Rs) and F;(Rs), are given by:

Fe(Rs) = fs AT+ gy 1) - dor 17

(R

where k = x, y, z. Then, the thrust azimuthal and polar
angles, 1/(Rs) and 0(Rg), are defined by

tan)(Rs) = —F,(Rs) /Fy(Rs),

tanf(Rs) = \[F2(Rs) + F2(Rs) / F.(Rs).

(18)

19)

Together with the thrust magnitude of F (Rg) normalized with
the thrust at the initial plane z = 0, i.e. F (Rs) /Fy, the value of
these angles is given in table 1 for all the magnetic config-
uration cases defined in section 2. The value Rg = 4.5R is
chosen to study the TVC performance early in the expansion.

A series of observations can be made from these results:
firstly, feeding an equal number of Ampere-turns to each
VMN coil indeed produces an axially directed plasma plume
and thrust vector which is identical to the equivalent 2D
axisymmetric MN to all practical purposes.

Secondly, the VMN succeeds in effectively steering the
thrust vector in any azimuthal direction when the electric
current on the coils is varied. The polar deflection capability
toward one of the vertices of the reference triangle of figure 1
(simulations of class A) is larger than toward its edges
(simulations of class B), as expected.

Thirdly, as the overall solenoid/VMN current ratio is
changed from 15:1 (unprimed simulations) to 15:5 (primed
simulations), the greater authority of the VMN coils results in
a stronger steering of the resulting magnetic field and hence a
higher deflection angle 6 of the thrust vector. In the limit of no
solenoid current, the plasma jet would approach the limit
deflection angle, which is equal to « for A-type simulations
(15° in present cases), and arctan[tan c sin(m/N)] (~7.6° in
this example) for B-type cases. Naturally, this limit cannot be
reached without substantially perturbing the magnetic topol-
ogy inside the plasma source.

Fourthly, reversing the sign of one of the currents in the
VMN coils allows reaching polar deflection angles well
beyond those of the reference triangle and even beyond «
(simulations with bar symbol), at the expense of a higher
absolute value of the required current and therefore a higher
power demand on the coils. Naturally, there is a limit to the
maximum negative currents that can be used without sig-
nificantly distorting the topology of the MN and affecting the
expansion. This limit depends on the values of R, /R, N and
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Figure 5. First-order electric drift current j /(en) terms due to total plasma enthalpy gradient, VH, (upper plots) and due to streamline
curvature and ion inertia, kM2, (lower plots), as derived in equation (13). The left plots represent the meridional plane of maximum deflection
(x =0). As this plane is a symmetry plane, both vector contributions are parallel to &1, in it. The plots to the right are the cross-sections of
the plasma plume with the z = 5R plane, indicated with red vertical lines in the plots to the left. The magnitude of each term is shown in the
corresponding color map. Arrows show the direction and relative magnitude of each drift current contribution in the z = const plane. In all
plots, solid black lines represent magnetic streamtubes supported on circles at z = 0. Dashed black lines are contour curves of the plotted
quantities. The sign criterion for each contribution assumes the general direction of the B field as shown in the upper plots.

a, and the details of the magnetic configuration of the plasma
source.

Fifthly, it is also noted that increasing the overall current
in the VMN while keeping the solenoid current constant
results in a longer, less divergent nozzle (the position of the
the turning point of the outermost plasma streamlines is
roughly z; ~ 43R for unprimed simulations and z; ~ 65R for
primed ones). The lower area expansion ratio at Ry = 4.5R
for primed simulations results in a lower thrust magnitude
F/Fy at that distance. This illustrates one of the flexible
aspects of general MNs, whose shape and strength can be
adapted in-flight to suit the varying propulsive needs. Observe
that to compare the generated thrust among MNs of different
lengths, the tabulation would need to be done against constant
area expansion ratio instead [24]. In general, longer nozzles
result in lower divergence losses and therefore a more

efficient plasma expansion, at the expense of a greater power
and/or mass cost for the magnetic generator.

Sixthly, taking this into account, in simulations with the
same overall solenoid/VMN current ratio, the total thrust
magnitude F produced by the VMN remains essentially
constant in spite of the deflection, degrading only slightly for
very high values of 6 (simulations A’ and B’). This suggests
that the VMN can operate in a wide angular deflection space
without incurring in any major performance loss.

Seventhly, it is apparent that the polar angle 6 of the
thrust force is lower than the polar angle of the central
magnetic line of the VMN, 6, also shown in table 1 for
comparison. This is due to two combined effects. On the one
hand, the average magnetic line deflection is different from
the deflection of the centerline. Secondly, as seen in section 3,
all plasma properties depend on the relative drop of B along
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each line. The magnetic strength B does not decrease equally
along each streamline, so that at Ry = 4.5R the relative
change of the plasma properties on each streamline is dif-
ferent; this causes a slight mismatch between the maximum of
the plasma density on the spherical surface and the magnetic
centerline.

Lastly, note that the power needed to operate the VMN is
roughly (1/ cos «) times larger than the corresponding single-
coil MN with same mean radius and total coil mass. Thus,
while increasing « extends the accessible angular space for
deflection, it also increases the power budget of the thruster.
Likewise, while breaking down the VMN into a larger
number N of lighter coils means more flexibility and a more
uniform accessible deflection space in all directions (i.e., the
reference polygon approaches a limit circumference as
N — 00), it also increases the complexity of the device.

6. On partially magnetized ions

In current MN-enabled thruster designs, the magnetic field
strength ensures full electron magnetization in a large domain,
but it is insufficient to keep the heavier ions magnetized far
downstream. Expected values of the ion magnetization para-
meter ¢; in propulsive applications range from ¢; ~ 0.01 for
light ions and strong magnetic fields (e.g. devices of the
VASIMR-type running on hydrogen and superconductor
coils) to &; ~ 1 for heavy ions and mild/low magnetic field
strengths. As shown in [36], ion magnetization has little
influence on thrust generation and ion trajectories in the near-
region of a symmetric MN; however, ion magnetization does
affect plasma detachment in the far-region, and could also
play a role on the lateral deflection capabilities of a VMN.

Therefore, it is worth commenting in more detail on the
full magnetization assumption on which the VMN /plasma
model presented in section 3 hinges, the validity and limita-
tions of the zeroth-order solution in ¢; used in sections 4 and
5, and the expected consequences of incomplete ion magne-
tization, i.e., when ¢; is not necessarily small.

Firstly, it is observed that as the first-order drift current j
grows monotonically in magnitude along the plasma plume,
the asymptotic expansion in ¢; is not uniformly valid for all z.
Consequent with this limitation, the zeroth-order solution can
be regarded an adequate approximation of the plasma
expansion only in a limited domain, up to about z ~ 10R for
the example magnetic configuration of section 2 with
g; < 0.1. In other words, the zeroth-order model holds in the
near-region plasma plume for mild values of ;. Beyond that,
higher-order corrections become comparable to the zeroth-
order terms.

Nevertheless, most of the plasma jet deflection takes
place in the near region of the VMN, where the applied
magnetic field experiences the largest reorientation, and thus
in the domain where the zeroth-order approximation is still a
reasonable one. Note that the near-region is also the region
where ion Mach number M is still small, which means that ion
trajectories are still relatively easy to steer with a moderate
force. This is indeed a desirable feature of the VMN, as early

ion deflection allows operating at lower magnetic field
strengths.

Secondly, it is possible to advance some of the expected
implications of a partial ion magnetization in the VMN from
previous works on axisymmetric MNs [24, 26]. In an axi-
symmetric MN, when high-velocity ions demagnetize, their
inertia makes them separate inward from the guiding magn-
etic lines. This mechanism is advantageous and responsible
for the so-called detachment process in the downstream
region, which prevents the plasma from returning back to the
thruster along the closed magnetic lines and limits its para-
magnetic character, which cancels the produced magnetic
thrust [26]. As a result of this separation, differential parallel
electric currents appear in the plasma plume while complying
with the global current-free condition, and a perpendicular
electric field develops in the plasma to prevent charge
separation.

In a VMN with partially magnetized ions, a similar
behavior is expected: as the magnetic force on ions becomes
insufficient to deflect them laterally to fully match the geo-
metry of the guiding magnetic lines, ion separation occurs and
their trajectories become more straight. This phenomenon is
enhanced by the increasing ion inertia as the plasma expands,
measured by the ion Mach number M. Consequently, the
condition u; >~ u);1; breaks down first as ions demagnetize,
and the actual curvature of ion streamlines is less than k. As a
result, the first-order estimate of the paramagnetic ion drift
velocity #; due to the magnetic curvature x shown in the
bottom plots of figure 5 is an upper bound.

As long as electrons remain well magnetized, the ambi-
polar electric field in the plasma will supplement the magnetic
force for the deflection of the ions, effectively steering the
thrust vector. However, a lower deflection angle 6 is expected
in this case, as the maximum in the plasma density profile will
shift farther away from the centerline of the VMN due to the
separation of ions. Hence, the values obtained with the current
model and portrayed in table 1 should be regarded as the
upper limit to deflection in the full magnetization limit. The
detailed analysis of this separation would help determine the
minimal value of the magnetic field strength required for the
correct deflection of the plasma jet, if any.

Thirdly, it is pointed out that the first-order solution for
the drift current j derived in equation (13) may have a
component out of the plume at the plasma-vacuum interface.
Clearly, for a plasma expanding into vacuum, no normal
current to this interface may exist. The introduction of this
boundary condition on J is expected to result in a thin current
sheet on the plasma periphery similar to that of [24]. Electric
currents along the two tangent directions of this last plasma
streamtube would be required to satisfy current continuity.
The analysis of this thin electric current layer is outside the
scope of the present model.

To conclude, and in line with the comments above, a
higher-order analysis of the present model, or altogether a 3D
plasma model that does not rely on full ion magnetization
assumption, is necessary to assess the deflection and plasma
response as a function of the ion magnetization strength. It is
reminded that the model presented here is strictly valid only
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in the limit of vanishing ion Larmor radius based on the sonic
velocity, i.e. &; < 1, and in the limit of collisionless plasma,
i.e., of collisional mean-free paths much larger than the
characteristic macroscopic length of the problem, so it would
not be applicable, in particular, to low-temperature collisional
plasmas.

7. Conclusions

A 3D MN (or vector MN) has been presented that adds the
capability of TVC to the list of advantages of MNs for space
electric propulsion applications. A possible implementation of
the device has been proposed that uses several magnetic coils
and no moving parts to achieve this effect. A fully magnetized
collisionless plasma model has been used to analyze the
plasma expansion in the resulting 3D magnetic field, and to
assess the TVC capabilities of this setup.

Results of the plasma properties in the VMN support the
capability of the applied magnetic field to guide the plasma
expansion in the direction of the field. The analysis of the drift
electric current shows that two dominant contributions exist at
first order, namely a near-azimuthal diamagnetic electron
current that creates a magnetic force to confine the total
plasma enthalpy, and a paramagnetic ion current that creates
an expanding magnetic force to deflect ions and match their
zeroth-order trajectories to the magnetic lines of the VMN.

The analysis leads us to conclude that a VMN can be
used to deflect a plasma jet in any direction within a designed
conical angular space, in a contactless manner, and without
mechanical moving parts, just by varying the electric current
through several intertwined coils at the exit of the plasma
source. In the low [ fully magnetized limit, the magnitude of
the deflection depends dominantly on the VMN angle o and
the electric current ratios on each coil. The perturbation to the
internal magnetic topology is small in a wide parametric
range, which allows decoupling the operation of the plasma
source and the VMN. This form of magnetic deflection
represents an interesting and flexible alternative to the exist-
ing TVC gimbaled platforms that are used in electric space
propulsion assemblies and other magnetic deflection techni-
ques, in particular in the case of plasma thrusters that already
have a MN or a nearly axial magnetic field. Lastly, further
work must explore the operation of the VMN in the mild/low
ion magnetization regime, as well as the effect of the plasma-
induced magnetic field.
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