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A steerable magnetic nozzle concept is presented that enables contactless thrust vector
control of a plasma jet without any moving parts. The concept represents a substantial
simplification over current gimbaled platforms, and requires only a small modification in
plasma thrusters that already have a magnetic nozzle. A fully-magnetized plasma model is
employed to characterize the 3D plasma expansion and the propulsive performance of the
device. Results suggest that thrust deflections of 5-10 deg are easy to achieve. The differ-
ences, validity, and limitations of the fully- and partially-magnetized models are discussed
in detail.

I. Introduction

OST spacecraft using plasma thrusters require some thrust vector control (TVC) capability to modify the

direction of the thrust force during the mission. TVC is needed to (i) compensate for misalignments
with the center of mass of the spacecraft, which may occur in particular when this point shifts as the
propellant is consumed, and (i) unload the reaction wheels while firing the thrusters. An angular pointing
range of 10 deg is sufficient for practically all applications. Current TVC solutions consist in mounting the
thrusters on complex and heavy mechanical platforms with moving gimbals.>»2 As any other moving part,
they are a delicate piece of equipment and may limit the reliability of the mission. Moreover, these pointing
mechanisms introduce a number of problems of their own, such as the need to watch for flexible piping and
connectors to the thruster, thermal control difficulties, or the damping of shocks and vibrations. Lastly,
several of them only allow the rotation of the electric propulsion subassembly in one direction.

Magnetic nozzles® (MN) are the ‘contactless’ acceleration stage of several next-generation thrusters,
including the Helicon Plasma Thruster®:® (HPT), the Electron-Cyclotron-Resonance thruster®” (ECRT) the
Applied-field MPD® (AF-MPD) and the VASIMR.? In their usual design, they consist of an axisymmetric,
convergent-divergent magnetic field that guides the expansion of a hot plasma into a supersonic jet. Inside
the MN, the plasma gains axial kinetic energy at the expense of its internal energy, thanks to the self-
consistent ambipolar electric field. The reaction to the magnetic forces that shape the plasma expansion
are felt on the magnetic circuit of the thruster and generate ‘magnetic thrust’. In previous work'©1? we
have characterized the 2D behaviour of the plasma in a divergent MN. The acceleration mechanisms, the
ambipolar electric field, the development of electric currents in the plasma, and the generation of magnetic
thrust were studied in Ref. 10. The problem of plasma detachment downstream, where the magnetic lines
start to turn around, was discussed in detail in Ref. 11, and a clean detachment solution that respects the
thrust-generation condition was found in Ref. 12. These results agree with existing laboratory experiments
on the suitability of MNs to produce thrust in space propulsion applications.'? 15

Interestingly, new propulsive capabilities can be found when one considers a 3D MN. In this case, a
non-axisymmetric convergent-divergent magnetic field guides and expands the plasma jet, but now it also
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deflects it laterally. By controlling the 3D shape of the MN one could, in principle, create a steerable
magnetic nozzle (SMN) to orient the plasma jet in any direction within a large angular range. This idea
opens up the possibility of incorporating contactless thrust vector control (TVC) into the plasma thruster
itself, without requiring any gimbaled platform or moving mechanical part. Such concept would therefore
mean an important simplification of electric propulsion systems with respect to the current state of art.

One way to construct a SMN is to use a set of intertwined, tilted magnetic coils. By controlling the
electric current that flows through each of these coils, it is possible to create an orientable 3D convergent-
divergent magnetic field. This concept was recently presented by our group in Ref. 16, and has been termed
VECMAN after Vector Magnetic Nozzle. The VECMAN design can be tailored to produce a deflection of
10, 15 deg or even larger angles, offering added flexibility to the mission, and it can be readily applied to
any MN-based thruster, as well as other thrusters without magnetic field or with a nearly-axial magnetic
field at the exit like the HEMPT'" '8 and the DCFT.'?

Magnetic deflection of plasma jets for space propulsion applications has been previously proposed using
large external coils.2® Also, additional magnetic circuits have been considered for magnetic TVC in Hall
effect thrusters, to create an asymmetry in the internal magnetic field configuration that would cause a 3D
plasma plume.?! One of the advantages of the VECMAN concept is that it only requires a small modification
in the layout of the magnetic circuit of MN-enabled plasma thrusters, and does not have any moving part.
As such, it does not increase substantially the thruster mass, or add any additional external component.
Also, in VECMAN the TVC function takes place outside of the plasma source, which has its own magnetic
field, and therefore it is possible to minimize the influence of the 3D magnetic configuration in the plasma
generation process inside the thruster.

To preliminarily study MNs and SMNs it is essential to have simple, fast models that can estimate
the propulsive performances of a device. By taking the full ion magnetization limit of our more complex
DIMAGNO model,'? it is possible to derive a semianalytical model capable of tackling 2D and 3D expansions.
Such a model needs to be first compared against the complete model to evaluate its range of validity, accuracy,
and limitations.

The goal of this paper is to carry out a preliminary survey of the TVC capabilities of 3D MNs like the
VECMAN configuration, as well as discuss the full-magnetization model. Section II introduces the VECMAN
SMN and analyzes its magnetic field characteristics. Then, the fully-magnetized plasma expansion model
is presented in Section III, which allows integrating the plasma flow in a quasi-1D manner. The model is
first compared against the 2D partially-magnetized DIMAGNO model in Section IV, where its limitations
and validity range are discussed. Then, the physics of the 3D plasma expansion are investigated with the
fully-magnetized plasma model in Section V, where the TVC performance of VECMAN is tabulated for a
representative set of cases. Lastly, in Section VI we gather the conclusions of this work and comment on the
next steps.

II. VECMAN, steerable magnetic nozzle

VECMANT!S is a simple magnetic coil configuration that allows to create a SMN, in which the deflection
and azimuth angle of the plasma jet can be controlled without any moving parts. The device can substitute
any existing MN, and operate in axisymmetric or non-axisymmetric modes. Conceptually, it consists of N
concentric coils tilted in some angle o with respect to the thruster axis. Each of them is precessed an angle
27 /N with respect to each other to create a symmetric device (Fig. 1). The current through each coil must
be independently controllable. Physically, VECMAN may be constructed by winding simultaneously the N
coils on a circular spool, resulting in a set of interwoven elliptic coils (Fig. 1 left), or by intertwining rigid
circular coils of slightly different radii or slightly offset from the axis into that position (Fig. 1 right). To
allow TVC in all directions, a minimum of 3 magnetic coils are used.

Using same-sign electric current on the coils allows to generate a MN whose axis can be oriented in any
direction within a N-polygon, where the maximum deflection angle (at the vertices of this polygon) is a.
The accessible angular space is depicted in Fig. 1 for N = 3 and 5, and o = 15 deg. When all coils carry an
identical number of ampere-turns, the axis of the MN coincides with the axis of the thruster (no deflection).
The magnetic field in this case is near-axisymmetric, with small asymmetries becoming important only close
to the metal of the coils. A larger o and a lower N increase the asymmetry and reduce the usable MN
radius for the plasma. By using inverse electric currents through one or more coils it is possible to access
orientations beyond the N-polygon, at the cost of a higher total current and field asymmetry.
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Figure 1. Sketch of the VECMAN steerable magnetic nozzle. Left: VECMAN set-up with a HPT-like plasma
source and its solenoids (in yellow and beige), for N = 3 and o = 15 deg. Three slightly elliptical coils (red, green
blue) are wound simultaneously over a cylindrical support. The director vectors for each coil are displayed,
to show that they are angularly equispaced. These vectors define the triangle (in red) of accessible angular
deflections with same-sign currents on the coils. Right: VECMAN configuration with N =5 and o = 15, using
intertwined circular coils slightly offset from the origin of coordinates (the plasma source is not shown). In
this case, the same-sign currents accessible angular space is a pentagon.

The power needed to generate a MN of a given magnetic strength with VECMAN is roughly 1/ cos«
times larger than with a single coil of same radius and total mass. Thus, while increasing a extends the
accessible angular space for deflection, it also increases the power budget of the thruster.

The VECMAN setup is placed near or at the exit plane of the plasma thruster. This way, it controls
the shape and intensity of the magnetic field downstream, while the internal magnetic field is essentially
governed by the rest of the thruster magnetic circuit (e.g. in a HPT, the internal field is generated by
solenoids or permanent magnets). This allows to deflect the plasma jet without affecting substantially the
internal plasma dynamics, therefore maintaining the internal efficiency of the device.

To model a complete magnetic field generator for the next Sections, we will consider the field created by
a solenoid of radius Rg = 2.5R and length Lg = 8R that covers a fictitious plasma source of radius R. The
VECMAN SMN to be studied is made of three circular point loops (N = 3) with radius Ry, = 6R and a = 15
deg. The center of each coil is on the origin of coordinates. The director vector of the first of these loops is
contained in the zz plane. Figure 2 shows this configuration and the magnetic field in an example deflection
case. As it can be seen, the MN is deflected to one side, whereas the internal magnetic field remains almost
unaffected by the SMN.

III. Fully-magnetized plasma expansion model

The study of the plasma flow in a SMN requires a 3D expansion model. A complete 3D model can be
computationally expensive and lacks the physical insight of simpler models. In the interest of simplicity and
clarity of the dominant aspects of the plasma expansion, this preliminary study of the SMN will consider
the fully-magnetized limit of the two-fluid model presented in Ref. 10. As explained below, this limit yields
several computational advantages that make it ideal for our present goals. The limit model is valuable by
itself as a rapid tool for MN performance estimation.

The plasma tube in the SMN is assumed to have a clean lateral boundary to vacuum and to be composed
of single-charged ions (‘i’) and electrons (‘e’). The plasma expansion is treated as quasineutral (n; ~ n. = n),
collisionless, and low-beta (i.e., negligible induced magnetic field effects). Taking the typical orderings in
a helicon plasma as a reference, we will neglect ion temperature with respect to electron temperature,
T; < T, and therefore describe ions as a cold species. Electron inertia is neglected with respect to ion
inertia, m, < m;. Furthermore, we shall assume a simplified description of the electrons and model them as
a Maxwellian, isotropic, isothermal species, so that T, = const, with T, = p./n. As seen in Ref. 22, some of
these assumptions can be easily dropped and more complex thermodynamic models for ions and electrons
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Figure 2. Magnetic field generator for the simulations of next sections. The generator is composed of a
solenoid of 15 circular current loops of radius Rg = 2.5R, extending from z = —9R to z = —R, and a VECMAN
SMN made of circular coils with N = 3 and o = 15 deg. The red box represents the ionization chamber of
the thruster, which could be a helicon-like plasma source. The color map shows the magnetic field when the
ampere-turn ratio between the solenoid and each of the three coils is 15: 1: 0: 0. Green lines show the magnetic
streamlines that pass by the exit of the ionization chamber in this case. For comparison, the same streamlines
in the symmetric configuration 15:0.33:0.33 : 0.33 are shown blue.

can be adopted.
Under these hypotheses, the steady-state expansion can be described with the following continuity and
momentum equations:

V- (nu;)) =0; V- (nu.) =0, (1)
m; (’Llll : V) u; = —qub +eu; X B, (2)
0=—-T.Vinn+eV¢—eu, x B, (3)

where all symbols have the same conventional meaning as in Ref. 10. The model can be normalized with R,
the initial plasma tube radius, m;, e, and T,. Likewise, we may normalize density with a reference value ny,
e.g. its value at the origin. The isothermal sound velocity of the plasma ¢s = /T./m; and the ion Mach
number M = u;/cs are defined as usual.

Both electrons and ions are assumed to be well magnetized. This requires, roughly, that Q. > 1 and
Qi > 1 in the region under analysis. Here, Qe =eBR/v/m.T. and QZ = eBR/v/m;T, are the dimensionless
electron and ion gyrofrequencies based on T,. Note that the first ordering relation is equivalent to . /R < 1,
with 4, the electron Larmor radius.

When these conditions are met, an important simplification of the equations becomes possible. Ions and
electrons move along magnetic lines with a velocity O(c;) except for a small drift velocity that scales as
O(T./eBR). According to the scalings above, this drift can be neglected in first approximation, so ion and
electron streamlines coincide with magnetic streamlines. Hence, in the following we may write

u; = uily; ue = ul, (4)

where 1) = B/B. Entering in Eqgs. (1) with this approximation and using V- B = 0, we immediately obtain
nu;/B = Gjy; (5)

nue/B = G. (6)

Projecting Eq. (2) and Eq. (3) along 1 we recover the following ion and electron conservation laws on
magnetic lines, respectively:

1
H; = imiuf + e, (7)
H,=T.Inn — eg. (8)
4
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In summary, we have 4 algebraic equations (Eqgs. (5)—(8)) for 4 unknowns (u;, ue, n, ¢), with 4 constants
that can be calculated from the initial conditions. These can be given in an initial section of the plasma
tube such as the plane x = 0. Given the external magnetic field, these equations can be readily solved to
obtain the full plasma response.

Actually, the simplification B — oo has reduced the 3D model to a 1D model per magnetic line: the
evolution of the plasma properties along each line is completely independent from neighboring lines. Math-
ematically, if we consider the supersonic divergent side, the Mach cone that previously was a characteristic
manifold of the problem has disappeared, leaving only the streamlines as characteristic lines. Therefore, the
3-hyperbolic problem degenerates into a 1-hyperbolic problem in this limit. Physically, this is due to the
negligible role of the perpendicular pressure and electric field terms with respect to the magnetic ones when
B is large; in the partially magnetized case, these pressure terms are responsible for carrying the information
in the Mach directions. Observe that since the limit renders the problem 1-hyperbolic, it is easy to compute
also the subsonic convergent part of the MN, a task that is inviable in 2D and 3D models based in the
method of characteristics like the DIMAGNO code.*°

IV. Fully-magnetized model vs DIMAGNO: validity and limitations

Clearly, the model we have derived is only strictly applicable to cases with very high values of Qy0, the
ion gyrofrequency at the origin. Whereas electrons are readily magnetized with the usual magnetic strengths
(200 G to 2 T), the heavier ions are typically only weakly magnetized: if we take typical HPT values like
R =10 cm and T, = 20 eV for the plasma tube, we have Q. > 1 for B > 10 G roughly, while about 400
G are required to magnetize hydrogen ions, and 5000 G to magnetize xenon ions. Taking into account that
B decreases with the nozzle area downstream and that area expansion ratios of 100 or more are common,
very large magnetic strengths are therefore required at the throat to strictly maintain the full-magnetization
limit until the MN turning point. Moreover, this is further aggravated when one considers that the relevant
condition for the beginning of ion separation from the magnetic lines is actually'? (1 + Qf) /M? < 1, and
that M can increase from 1 at the throat to 5 or more near the turning point.'°

Hence, it is clear that in the majority of practical devices, electrons are well-magnetized while ions are
essentially unmagnetized, except perhaps in a small region near the MN throat. The question naturally
arises whether we can use the B — oo limit to study practical MN plasma expansions with lower Q0 values.
Also, we would like to quantify the error committed by this approximation in the calculation of plasma
properties and propulsive performance figures. To this end, an axisymmetric MN expansion is simulated
with both the Qio > 1 model above and the 2D DIMAGNO model of Ref. 10 in the Qio < 1 limit (i.e., no
magnetic force on ions). Both models assume €, > 1. The comparison of these two extremes will allow us
to better understand their differences and infer certain conclusions on the range of validity and limitations
of the full-magnetized model.

For the sake of illustration, our isothermal plasma is injected in the magnetic field of a single current
loop of radius Ry, = 3.5R. For this MN, the turning point is located at about x = 16R and y = 23R. The
following radial profile for density, potential and velocity is imposed at the magnetic throat (@ = 0) between
y =0 and R:

yQ
n = ngyexp (—aR2) , ¢ =0, 9)
Ugi = Uge = 1.01cs, Uyi = Uye = 0, (10)

where a = 3In10 is a parameter that controls the shape of the profile, and the 1.01 value is to ensure
supersonic conditions for DIMAGNO. Moreover, for the DIMAGNO case, the azimuthal velocities are zero
for ions, and a theta-pinch equilibrium is enforced for electrons,

2T ya
Uge = .
o eBR

(11)

The simulation results are compared in Fig. 3. The major differences between the two ion magnetizations
are as follows:

1. Tons begin to detach soon after the throat in the DIMAGNO simulation, and by x = 10 the separation
in some of the mid-streamlines is already larger than 0.4R. This separation is obviously missed in the
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Figure 3. Comparison the full-magnetized model against the DIMAGNO model. Figure (a) shows the relative
difference in ion velocity, (u;(DIMAGNO) — u;(Full-magnetized))/u;(DIMAGNO). Ion streamlines have been
drawn in solid line for the full-magnetized model and in dashed line for the DIMAGNO model. Figure (b)
displays the radial density profile at various values of z. Here, y.,p is the radius of the plasma tube at each
r = const section. Solid lines are for the full-magnetized model and in dashed lines for the DIMAGNO model.

fully-magnetized model, where ion streamlines coincide with magnetic streamlines. Hence, this model
is inadequate to study plasma detachment in actual partially-magnetized plasmas.

2. An ion velocity difference of about 15% occurs downstream at the periphery: the full-magnetized model
yields a lower velocity there. In contrast, velocity at the axis is slighly larger.

3. As a consequence of point 1, the radial density profile is more spread out than in the DIMAGNO
simulation. The full-magnetized model cannot recover this density focalization effect that takes place
in partially-magnetized cases, as n is only a function of the relative drop in B along each streamline.
As seen in Fig. 3 (b), the full-magnetized model slightly underestimates density at the axis, and largely
overestimates density at the periphery. The effect continues to increase downstream, and at © = 15R
the difference can be about 2 orders of magnitude. Note that the expansion is not self-similar in either
case over r = const planes.

4. The ambipolar potential ¢ in the fully-magnetized limit is an inaccurate description of the potential
in partially-magnetized cases, and using it for these cases can lead to large inconsistencies. The error
in e¢/T. is given by Inn, so it can be inferred from Fig. 3 (b). When Q; < 1, the ion deflection
task is performed primarily by the electric force (and in fact, it is insufficient to match the magnetic
streamlines, and that is why ion separation occurs). In contrast, the deflection in the full-magnetized
case is carried out by the magnetic forces alone (i.e., the products eug; B and —eug. B). Radial density
drop, potential drop, and ion separation are all coupled in the partially-magnetized case.

5. For the same reason, while eug; B and —eug. B are always finite, the electron and ion azimuthal velocities
ug; and uge go to zero when B — oo. In fact, we have supplanted the azimuthal and perpendicular
momentum equations of the DIMAGNO model with the parallel flow condition. This renders the fully-
magnetized model inadequate for the calculation of the key azimuthal plasma currents in a partially-
magnetized case. These currents are the essential mechanism to create and transfer magnetic thrust
back to the thruster; nonetheless, magnetic thrust can still be evaluated from a control volume integral
of momentum flux, as done below.

6. In the fully-magnetized expansion no longitudinal electric currents develop. This is a consequence of
the lack of ion separation. If the longitudinal currents are initially zero (i.e., when G. = G;), they
remain so everywhere. This brings up the local current ambipolarity (LCA) condition, so commonly
invoked a priori in ambipolar diffusion models. The present comparison shows that in MNs, LCA is
strictly only true in the B — oo limit.
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In spite of all these differences, the thrust F, generated in the MN (seen as a function of the distance from
the initial plane) is nearly insensitive to the magnetization degree up to the turning point. Also, it is seen
that the B — oo model yields a conservative value for all magnetizations of the divergence losses, here given
by Mpiume. These two functions are computed using a spherical control surface S of variable radius Rg with
origin at x = y = z = 0, and integrating the relevant fluxes across them:

F.(Rs) = / n(Tely + miugu;) - do, (12)
S

2
B fs nu?,u; - do

Nplume (RS) (13)

N f g nu%ui -do
where 1, is the unit vector in the x direction and do is the differential area vector element over the spherical
surface. Fy(Rgs) and npiume(Rg) for the simulations above are shown for different sphere radii in Fig. 4.
Visibly, the thrust gain F,/F,o does not depend much on the value of €);; this suggests that the fully-
magnetized model is a useful simple tool to estimate thrust from a MN in other cases.

0 5 10 15 20 2 0 5 10 15 20 2
Sphere Radius (in multiples of R) Sphere Radius (in multiples of R)

Figure 4. Thrust F.(Rs)/Fzo (a) and plume efficiency nyiume(Rs) (b) with the fully-magnetized model (solid

lines) and with DIMAGNO in the ;0 < 1 limit (dashed lines). Fj is the total momentum flux at the magnetic
throat plane, i.e., the initial thrust before the supersonic expansion. The two functions are computed using
a sphere of radius Rg, starting at Rg = 1.5R. When the control sphere has radius 25 we are near the turning
point of the MIN (turning point takes place for a sphere radius Rs ~ 28R).

Nonetheless, the higher the ion magnetization, the lower the thrust gain, as already concluded in the
analysis of Ref. 10,11. The interest of the fully-magnetized limit here is that it provides the lower bound to
the thrust gain for this plasma and arbitrary ion magnetization levels.

Regarding the plume divergence efficiency (Fig. 4 b), we observe that by the turning point (sphere of
radius ~ 25R), a difference of about 5% has developed between the zero- and full- ion magnetization cases.
Again, the fully-magnetized model yields the lower limit, confirming its value as a simple, analytical model
to conservatively estimate F, and 7piyme in axysimmetric MNs.

Clearly, the fully-magnetized model should not be extended beyond the turning point when approximating
general magnetization cases. After this point, the strongly 2D character of the expansion and the large ion
separation from the magnetic lines means that the error committed by the model increases. In fact, F,(Rg)
begins to decrease about that point due to backflowing ions in the Q0 — oo case, while it continues to
increase monotonously but slowly for QiO < 1 thanks to the successful plasma detachment.

While these results may encourage us to extend these conclusions to the 3D case right away, a word of
caution is due. As discussed, partially-magnetized ions have a tendency to separate from the magnetic lines
and continue in straight motion due to their large inertia. This can be expected to occur also in the 3D case.
Moreover, the plasma-induced magnetic field (not considered in the above simulations) could act in a way
that the effective magnetic deflection is reduced. While the effects of the full-magnetization assumption in
the 3D case are not obvious, this suggests that the B — co model will overestimate the plasma deflection
performance of a mild-strength SMN. Carefully checking the preliminary results of this paper with a 3D
partially-magnetized model is left for future work.
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In short, the fully-magnetized limit is a valuable tool for fast 2D preliminary estimations of thrust and
plume efficiency, but lacks the necessary physical insight to study density focalization, ambipolar plasma
potential, azimuthal currents and detachment in actual partially-magnetized MNs.

V. 3D expansion and thrust vector control in a SMN

To illustrate the fully-magnetized plasma expansion in the SMN, several simulations using the magnetic
generator of Fig. 2 have been carried out with the previous model. A circular plasma tube of radius R is
injected at x = 0 with a Gaussian initial density profile:

2, .2
n = ng exp <ay + 2 ) , (14)

R2

like before, we take a = 31n 10 and u; = u. = 1.01¢s. The ratio of ampere-turns on the solenoid and each coil
of the SMN is given in the second column of Table 1, for the different simulations. Those cases with weak
VECMAN fields (O, A, B) do not disturb in practice the internal magnetic field of the plasma source (see
Fig. 2). In the higher field cases (A’, B’), VECMAN begins to cause a visible change in the inner magnetic
field, but it still remains essentially axial everywhere in the plasma source. Simulation O has the turning
point roughly at z = 43R, y = z = 65R, whereas the same simulation with 5 times more current on the
VECMAN coils finds the turning point roughly at £ = 65R, y = z = 93R.

Simulation | Ampere-turn ratios || F/Fy | ¢ (deg) | 6 (deg) || 05 (deg)
0] 15:0.33:0.33:0.33 1.44 - 0.00 0.00
A 15:1:0:0 1.44 | —180.00 5.66 5.76
B 15:05:05:0 1.44 | —120.00 2.86 291
A 15:5:0:0 1.34 | —180.00 | 11.06 11.24
B’ 15:25:25:0 1.34 | —120.00 5.61 5.70

Table 1. Thrust vector control simulations with VECMAN for Section V. Ampere-turn ratios are given as
Solenoid : Coil 1 : Coil 2 : Coil 3. Simulation O is the symmetric configuration, used here for control.
Simulations A and A’ move the MN centerline toward one of the vertices of the triangle of Fig. 1. Simulations
B and B’ move it toward one edge. Simulations with a prime have a total current in the VECMAN coils 5
times stronger. The three next columns show the total thrust force F/Fj, the azimuth angle of the thrust force

% = arctan(Fy/F;), and the polar angle 6 = arctan(y/F2 4+ FZ/F;) on the control sphere with radius Rs = 4.5R

(early in the expansion). The last column shows the polar angle 6 of the magnetic centerline for comparison.

The expansion of the fully-magnetized plasma follows the magnetic lines of the 3D MN. Figure 5 displays
the plasma density in simulation A’. Clearly, the plasma jet moves to one side as dictated by the MN. The
density distribution is no longer an exact circle downstream, but acquires some small ellipticity, with a lower
density wing toward the direction of deflection. In the present model this is solely due to the differences in
magnetic field strength along each streamline. For the same reason, the density maximum begins to separate
slightly from the magnetic centerline downstream, but as it can be seen this separation is negligible in the
case studied.

The three components of the thrust force function are evaluated in a similar way as the axial force F,(Rg)
in the axisymmetric case (Eq. (12)): the total plasma momentum flux is integrated over different spherical
surfaces with the center at the origin. The two lateral force components are:

F,(Rg) = / n(Tel, + miuyu;) - do, (15)
S

FZ(Rs) = / n(Telz + miuziui) -do. (16)
s

The total force F, and its azimuthal and polar angles (¢, 8) are shown in Table 1 for Rg = 4.5R, early in
the expansion. A series of observations can be made from these results:

1. First, the magnitude of the total force F' is essentially the same with and without deflection. In
simulations A’ and B’ the thrust force at Rg = 4.5R is lower due to the less-divergent MN, which
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Figure 5. Density maps of the 3D plume n/ng at different axial z = const sections for the A’ simulation. The
density map at z = 0 (not shown) is a perfectly symmetric circle of radius R and center on y = z = 0. The
position of the central magnetic line that passes through the origin of coordinates is plotted as a black circle
(on the black dashed line). The density maximum in each plane is located at the red cross (on the red dashed
line).
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occurs when the VECMAN coils carry more current. As explained in Ref. 10. this is actually a favorable
feature: longer MNs have higher efficiency. A fairer comparison with the O, A and B simulations would
consider the thrust force when the same area expansion ratio has been achieved.

2. Second, the polar angle 8 of the thrust force is lower than the polar angle of the central magnetic
line, fp, also shown in Table. 1 for comparison. This is due to the fact that the guiding magnetic
lines experience an average deflection that is a bit lower than the deflection of the centerline, and the
decrease of magnetic strength along them is not identical. This means that the bulk of the plasma
density and momentum is not fully centered on each x = const beam section, but tends to have slightly
lower values in the direction of the deflection (as shown in Fig. 5 for n).

3. Third, as it could have been expected, the deflection is lower in simulations B and B’ than in A and
A’ as we are deflecting against one edge of the accessible angular space of Fig. 1 (the triangle in the
sketch) rather than against one vertex. This causes the deflection of the centerline (and all other lines)
to be lower in the B and B’ simulations.

4. And fourth, increasing the strength of the SMN with respect to the solenoid increases the importance
of the magnetic field of the former, causing a larger level of deflection of the magnetic centerline and
consequently a higher deflection of the thrust force. In the limit of no solenoid current, the plasma
would approach the limit deflection angle, which for A-type simulations is «, the tilt angle of the
VECMAN coils (15 deg in our case), whereas it is arctan[tan asin(7/N)] (=~ 7.6 deg) for B-type cases.

We conclude that the VECMAN SMN can deflect the plasma jet (and therefore the thrust force) in the
fully-magnetized limit. If our conclusions from the 2D comparison of the fully- and partially-magnetized
models (Section IV) can be extended to 3D case, then a similar deflection behavior to that of the Q; — oo
limit is to be expected for general magnetizations, at least before the expansion approaches the turning
section of the SMIN. However, due to the tendency of the supersonic ions to separate from the magnetic
lines, it can be anticipated that our model probably yields an optimistic, higher-bound for the deflection in
any particular configuration.

From these results we can also infer that higher « values allow for larger deflection angles. Likewise,
increasing the number of independent coils N beyond three allows to have a more homogeneous and uniform
accessible deflection angle in all directions. While it is not explored in this paper, using negative current
through some of the coils allows deflecting the plasma to angles outside the direct accessible deflection space.

Finally, it has been shown that the SMN can work in combination with the internal magnetic fields of
a HPT-like plasma thruster. As seen in Fig. 2, the SMN does not perturb substantially the geometry of
the internal magnetic field when the relative ampere-turns are moderate. Naturally, larger coil currents
(desirable from the viewpoint of larger deflection angles) can impact the magnetic configuration inside the
plasma source.

VI. Conclusions

In this work a model for the fully-magnetized plasma expansion in a magnetic nozzle has been presented.
The model is the mathematical limit of our DIMAGNO plasma model, and allows analytical computation
of the propulsive performances of 2D and 3D magnetic nozzles. A comparison between this limit model
and the more general partially-magnetized model has been carried out for the axisymmetric case. The main
conclusions of this analysis are that the fully-magnetized model can be used to yield sensible, conservative
estimations of the thrust and plume efficiency of the magnetic nozzle up to the turning point regardless of
the ion magnetization level. The model cannot be used however to study the plasma detachment, radial
density focalization, ambipolar electric field, and azimuthal plasma currents in partially-magnetized cases;
these aspects require a partially-magnetized model like DIMAGNO.

The concept of a steerable magnetic nozzle that can deflect the plasma jet in arbitrary directions in a
contactless manner has been introduced. The VECMAN steerable magnetic nozzle is a simple realization of
this idea without any mechanical moving parts, where the direction of the thrust force can be controlled by
varying the electric current through several intertwined coils that can easily substitute an existing magnetic
nozzle. This form of contactless magnetic deflection represents an interesting alternative to the existing
gimbaled platforms that are used to reorient the whole plasma thruster.
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The thrust vector control performance of VECMAN has been evaluated in the fully-magnetized case. The
simulation results show that the expected thrust deflection is obtained, proving that the device is a simple
means to integrate the required thrust vectoring capabilities directly in the plasma thruster. Maximum
deflection is sensitive to the tilt angle of the magnetic nozzle coils, the number of coils used, and the relative
intensity of the currents through them and other parts of the magnetic circuit of the thruster. An ample
range of currents exists where internal magnetic fields are essentially unperturbed by the 3D magnetic nozzle.

Future work shall focus on improving the range of validity of the 3D plasma model by relaxing the full
magnetization condition and including other effects (induced magnetic field, etc.). An important question
to answer is what is the minimum ion magnetization strength, if any, required to deflect the plasma beam.
Understanding the behavior of the plasma electric currents in the 3D partially-magnetized expansion is
also a crucial aspect. A more complete characterization of VECMAN deflection capabilities and thruster
interaction needs to be carried out, too. Lastly, the construction of a first VECMAN prototype that can be
used to validate these theoretical results in combination with a representative plasma source is planned for
the coming year.
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