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ABSTRACT

The acceleration and detachment stages of a collisionless plasma jet in a divergent wall-less
magnetic nozzle are studied through an axisymmetric model. The jet is emitted sonically by a
cylindrical chamber simulating a helicon source. A novel integration algorithm which advances
along the characteristic lines of the supersonic plasma allows reaching the region beyond the
turning point of the nozzle, where large rarefaction and detachment take place. In the ideal zero
Larmor radius limit of electrons, the demagnetization of massive ions is identified as the key
mechanism enabling inwards detachment of the quasineutral plasma jet from the magnetic lines.
Moreover, a parallel study has been devoted to show that incipient electron Larmor radius
effects lead to outwards detachment of electron streamtubes, which is detrimental for inwards
detachment of mass-carrying ions. Essential to this plasma detachment mechanism is the non-
fulfillment of local current ambipolarity in the two-dimensional expansion of a globally-current-
free plasma. The opposite requirements of ions and electrons on the magnetic field strength
imply that optimal strength and shape of the magnetic nozzle have to exist, in order to maximize
the contribution of the magnetic nozzle to thrust efficiency. Further research should address the
very-far region, where both quasineutrality and electron-magnetization fail, and an electron
collisionless-cooling mechanism seems to be primordial. Complementary to the above
detachment studies the magnetic nozzle model has been extended in three ways. First, the
formation and curvature of axisymmetric current-free double-layers in the nozzle and their
influence on performances have been analyzed. Second, the nozzle model has been matched to a
a plasma source model in order to study the propulsive performances of a helicon plasma
thruster. And third, an alternative hybrid code of the magnetic nozzle, capable of addressing
additional plasma effects has been started to build.
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SUMMARY OF RESULTS

The research carried out under the present grant continues the one started in grant FA8655-10-1-
3085 “Magnetic nozzles for plasma thrusters: acceleration, thrust, and detachment mechanisms’.
The achievements of the first grant covered (1) the study of plasma acceleration and thrust
increment mechanisms in a magnetic nozzle (MN) and (2) a critical review of existing
detachment theories. The MN transforms the internal energy of the plasma into axially-directed
kinetic energy, thus producing a highly supersonic plasma beam. While the expansion of plasma
in a MN vaguely resembles that in a solid, de Laval nozzle, the central role of long-range forces
in MNs sets them apart from their solid counterparts. First, a MN has the key advantage of
operating in a contactless manner, thereby avoiding severe plasma losses and wall durability
problems. Second, the expansion is far from quasi-one-dimensional, and depends strongly on
the form or species in which the internal plasma energy is stored, which can be different in each
particular device (helicon thruster, AFMPD, VASIMR, ...). Lastly, there are significant
differences in the processes of thrust production and plasma detachment. A summary of our
research achievements on MNs up to May 2012 was presented in Ref. 9.

The mission of any propulsive nozzle is to increment the delivered thrust. In a solid nozzle, the
physical mechanism of thrust is the pressure exerted on the nozzle divergent walls. In a wall-
less MN, as we showed theoretically and has been confirmed experimentally later, thrust is of
magnetic character. The magnetized plasma develops diamagnetic azimuthal currents on
electrons that oppose those running in the thruster coils, thus creating two repelling magnetic
forces: one yields positive thrust on the thruster, while the second one accelerates the plasma.

There is ample consensus that the main uncertainty about the applicability of MNs in space
propulsion is the ability of the plasma to detach from the closed magnetic lines: once
accelerated, it is imperative that the plasma beam releases itself from the magnetic field
downstream and continues to expand freely into vacuum. If this is not the case, the returning
plasma would cancel the produced thrust and impinge on the delicate spacecraft surfaces. Two
important aspects to take into account when dealing with the detachment of a plasma jet are:
first, ions carry almost totally the plasma mass; and second a small backflow is unavoidable in
any plasma plume expanding into vacuum. Therefore, the detachment problem must determine
(1) which mechanism allows ion streamtubes to detach inwards from the magnetic lines and
avoid flowing back; (2) which fraction of the beam mass is backflowing; and (3) which is the
contribution of a MN to thrust efficiency.

Prevailing detachment theories developed specifically for plasma thrusters with MN have
focused on electron detachment, on the assumption that quasineutrality and current ambipolarity
make ion and electron streamtubes coincide in current-free plasmas. In a first scenario, electron-
inertia (Hooper’s theory) or resistivity would produce diffusive detachment of electron
streamtubes. In a second scenario, the plasma-induced magnetic field would stretch the MN
downstream. Within the previous grant we had shown that these three mechanisms do not lead
to inwards electron detachment in a propulsive MN: electron diffusion detaches electron tubes
outwards from the magnetic lines, and the magnetic field induced by diamagnetic plasma
currents opposes the applied magnetic field, thus increasing the divergence of the resulting MN.

The first goal of the present research, presented in Ref. 1, has been to go further in depth with
the study of the effects of electron inertia. It has been shown that, up to dominant order on all
components of the electron velocity, electron momentum equations still reduce to three
conservation laws. It is confirmed that electron inertia leads to outward electron separation from
the magnetic streamtubes. The progressive plasma filling of the adjacent vacuum region is
consistent with electron-inertia being part of finite electron Larmor radius effects, which
increase downstream and eventually demagnetize the plasma. It is also confirmed and carefully
explained that current ambipolarity in a 2D expansion is not fulfilled and ion separation can be
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either outwards or inwards of magnetic streamtubes, depending on their magnetization. Electron
separation penalizes slightly the plume efficiency and is larger for plasma beams injected with
large pressure gradients. The nonzero electron-inertia model of Hooper, based on cold plasmas
and current ambipolarity, which predicts inwards electron separation, is shown to be physically
inconsistent. Finally, the study points out the likely competition of the gyroviscous force with
electron-inertia effects, making a fully consistent study of finite Larmor radius effects very
complex.

The second and main goal of this research has been to demonstrate that inwards detachment of
mass-carrying ions caused by ion demagnetization is the key mechanism for the detachment of a
plasma jet in a propulsive MN, and it takes place even if the asymptotic limit of collisionless,
fully-magnetized electrons. Different aspects and progresses of this work have been presented in
Refs. 4, 6, 8, and 10. In fact, vacuum-chamber measurements on the MN near-region of
different thrusters are confirming ion detachment as a real and robust phenomenon. However,
measuring plasma expansion and detachment far downstream is more challenging due to
chamber size constraints. Theoretically, ion detachment was already identified in our previous
grant’s research to be a relevant 2D beam feature, but again, the study covered only the MN
near region, limited downstream by the MN turning point. Now, a new intrinsic integration
algorithm implemented in our 2D DIMAGNO code has allowed us to overcome the MN turning
point limitation and to look into the MN far region, both downstream and laterally. The
magnetic strength decreases proportional to the area expansion in a divergent MN. For practical
magnetic strengths and heavy propellants, ions are weakly magnetized in most or the whole
MN, and their axial and radial expansion is governed by the ambipolar electric field mainly.
This field deflects ion tubes radially but not enough to follow the electron/magnetic tubes,
which means that current ambipolarity cannot fulfilled everywhere (for a quasineutral, globally
current-free plasma). As previously advanced, incipient electron demagnetization is detrimental
for inwards beam detachment, and magnetic strength must thus be tuned in order to optimize
both beam channeling and acceleration, in the near region, and detachment, in the far region.
Finally, it is shown that only a marginal fraction of the beam flows back and the divergence
angle of the 95%-mass tube measures the effectiveness of detachment, allowing comparisons
with plumes of other plasma thrusters.

The rest of goals of this research have been focused on extending the MN code DIMAGNO in
three ways. The first one, covered in Ref. 2, has been to address the expansion in a MN of a
plasma with two disparate electron populations and the formation and two-dimensional shape of
a current-free double-layer in the divergent MN. This subject is very controversial in the field of
helicon thruster performances because of the claims of Charles and Boswell on thrust due to
double layers. Our study was centered in the regime when the electric potential steepening can
still be treated within the quasineutral approximation. The properties of this quasi-double-layer
were investigated in terms of the relative fraction of the high-energy electron population, its
radial distribution when injected into the nozzle, and the geometry and intensity of the applied
magnetic field. The two-dimensional double layer presents a curved shape, which is dependent
on the natural curvature of the equipotential lines in a magnetically expanded plasma and the
particular radial distribution of high-energy electrons at injection. The double layer curvature
increases the higher the nozzle divergence is, the lower the magnetic strength is, and the more
peripherally hot electrons are injected. In the application of the theory to the operation of a
helicon plasma thruster in space, it is shown that the curvature of the double layer does not
increment the thrust, it does not modify appreciably the downstream divergence of the plasma
beam, but it increases the magnetic-to-pressure thrust ratio.

The next achievement has been to match the MN model to a model of a helicon plasma source.
References 3, 7, and 9 present a model of the two-dimensional fluid-dynamics and the first
analysis of propulsive performances of a helicon plasma thruster. In particular, an axisymmetric
macroscopic model of the magnetized plasma flow inside the helicon thruster chamber is
derived, assuming that the power absorbed from the helicon antenna emission is known.
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lonization, confinement, subsonic flows, and production efficiency inside the source are
discussed in terms of design and operation parameters. Analytical solutions and simple scaling
laws for ideal plasma conditions are obtained. The chamber model is then matched with
DIMAGNO in order to characterize the whole plasma flow and assess thruster performances.
Thermal, electric, and magnetic contributions to thrust are evaluated. The energy balance
provides the power conversion between ions and electrons in chamber and nozzle, and the
power distribution among beam power, ionization losses, and wall losses. Thruster efficiency is
assessed and main causes of inefficiency are identified. The thermodynamic behavior of the
collisionless electron population in the nozzle is acknowledged to be poorly known and crucial
for a complete plasma expansion and good thrust efficiency.

The last activity carried out has been the development of an alternative MN hybrid code,
HPMN, where ions and neutrals are treated as super-particles and electrons as a magnetized
fluid. The main motivation of this code is to offer more flexibility than DIMAGNO to treat
some non-ideal effects, such as resistivity, ionization, warm and multi-charged ions, plasma-
ambient interaction, wall-effects or electron heat diffusion. Additionally, it will provide a
mutual validation of DIMAGNO and HPMN. Work is in progress and first promising results
were presented in Ref. 5.

To conclude, this research has provided crucial advances in the understanding of plasma
detachment. lon demagnetization and subsequent quasineutral separation of ion and electron
streamtubes are shown to be the central elements of the detachment mechanism in a
collisionless plasma with fully-magnetized electrons. The next stage of the research must
address the relaxation of some of the model idealizations and limitations. First, a large
downstream plasma rarefaction means that quasineutrality fails eventually. Space-charge effects
should be taken into account. These are expected to set an upper-bound to the electric field and
thus facilitate ion detachment. Second, for finite electron magnetization, resistivity, electron-
inertia, and the plasma-induced magnetic field were shown to deteriorate electron confinement,
leading to outward electron detachment, which adversely increases the effective MN
divergence. The desire of full electron magnetization on one hand (to minimize the influence of
these three phenomena and ensure proper channeling and acceleration of the plasma beam), and
low ion magnetization on the other (to foster downstream detachment and achieve low beam
divergence), set two conflicting requirements to the magnetic strength of the MN. Once the MN
physics are understood, the next step is to apply DIMAGNO to optimize both the MN strength
and shape, in order to maximize the thrust efficiency of the MN. Third, separation of ion and
electron tubes generates longitudinal electric currents in the otherwise current-free jet. It should
be settled whether their closure takes place upstream (inside the source) or downstream, by a
combination of residual resistivity, geometric expansion, or entrainment of the weak
background plasma. Fourth, the transition from a magnetized to an unmagnetized electron
model needs to be addressed consistently. And fifth, the assumption of electron isothermality in
the model, while not central for the detachment process, leads to a nonphysical, infinite
(logarithmically-slow) drop of the electric potential downstream. Limited laboratory and in-
space evidence (with unmagnetized collisionless plumes) suggests the electric potential to
vanish as potential law of plasma density. Unfortunately, no established theory exists for the
expansion of a collisionless electron population. Theoretical approaches, based on the kinetic
theory, suggest the existence of a collisionless-cooling mechanism of electrons based on
adiabatic invariants and effective potential barriers.
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PHYSICS OF PLASMAS 19, 083501 (2012)

Two-dimensional plasma expansion in a magnetic nozzle: Separation due

to electron inertia

Eduardo Ahedo® and Mario Merino
Universidad Politécnica de Madrid, 28040 Madrid, Spain

(Received 12 April 2012; accepted 13 July 2012; published online 6 August 2012)

A previous axisymmetric model of the supersonic expansion of a collisionless, hot plasma in a
divergent magnetic nozzle is extended here in order to include electron-inertia effects. Up to
dominant order on all components of the electron velocity, electron momentum equations still
reduce to three conservation laws. Electron inertia leads to outward electron separation from the
magnetic streamtubes. The progressive plasma filling of the adjacent vacuum region is consistent
with electron-inertia being part of finite electron Larmor radius effects, which increase
downstream and eventually demagnetize the plasma. Current ambipolarity is not fulfilled and ion
separation can be either outwards or inwards of magnetic streamtubes, depending on their
magnetization. Electron separation penalizes slightly the plume efficiency and is larger for
plasma beams injected with large pressure gradients. An alternative nonzero electron-inertia
model [E. Hooper, J. Propul. Power 9, 757 (1993)] based on cold plasmas and current
ambipolarity, which predicts inwards electron separation, is discussed critically. A possible
competition of the gyroviscous force with electron-inertia effects is commented briefly. © 2072

American Institute of Physics. [http://dx.doi.org/10.1063/1.4739791]

. INTRODUCTION

Divergent magnetic nozzles, created by longitudinal
magnetic fields, are being envisaged as the acceleration stage
of several advanced plasma thrusters.'™ In the highly com-
petitive and demanding area of space propulsion, the optimi-
zation of plasma thruster characteristics (performances,
weight, lifetime, etc.) is crucial. Thus, the eventual imple-
mentation of magnetic nozzles requires, among other
aspects, a reliable and detailed understanding of the proc-
esses governing plasma expansion and thrust transmission.
With this aim we developed in Ref. 1 a two-dimensional
(2D) model of the expansion of a current-free, fully ionized,
near-collisionless, hot plasma (as the one we expect to be
delivered by the thruster chamber) in a magnetic nozzle
(with no solid walls). We showed there that a propulsive
magnetic nozzle, capable of increasing the thrust, requires a
“hot” plasma, so that plasma internal energy is transformed
into ion axial directed energy, and that the nozzle thrust
transmission mechanism is the magnetic force of the azi-
muthal plasma current onto the thruster magnetic circuit.

As usual in analyses of magnetized plasma flows, our
2D model disregarded electron inertia effects, arguing that
they were marginal. This was very beneficial for solving the
model, since dropping convective terms makes electron mo-
mentum equations fully algebraic. In the zero electron-
inertia limit, fully magnetized electrons are channeled per-
fectly by the magnetic field. On the contrary, for the
expected magnetic intensities and propellants in envisaged
thrusters, ions are only weakly magnetized (except perhaps
for very light propellants). As a consequence, it was found

“Electronic addresses: eduardo.ahedo@upm.es. URL: web.fmetsia.upm.es/ep2
and mario.merino@upm.es. URL: web.fmetsia.upm.es/ep2.

1070-664X/2012/19(8)/083501/9/$30.00

19, 083501-1

that even fulfilling quasineutrality, ion streamtubes separate
inwards from electron streamtubes, generating longitudinal
electric currents and breaking current ambipolarity (CA).
The central motivation for discussing electron-inertia
here is to analyze electron separation from the magnetic field
as a step in understanding the downstream detachment of the
plasma from the magnetic nozzle. In a low-beta plasma, the
separation of strongly magnetized electrons from magnetic
streamtubes can be achieved via resistivity or electron-iner-
tia.® At least one of these mechanisms yields a dominant
term in the equation determining the electron separation ve-
locity. In a hot, fully ionized plasma, resistivity is weak and
electron-inertia is likely to dominate electron separation.
Furthermore, electron-inertia effects will be shown to be fi-
nite electron Larmor radius (FELR) effects’—here, finite
meaning small but non-zero. Since the nozzle magnetic field
decreases downstream, FELR effects increase and drive the
process of plasma demagnetization, when the magnetically
channeled plasma beam expands into the adjacent vacuum
region. A linear perturbation analysis of the zero-inertia
model® advanced that the electron fluid separates outwards
from the magnetic lines. This will be confirmed by the model
presented here, which accounts for nonlinear electron inertia.
Hooper,'” working with a nonzero-inertia model, found
inwards plasma separation. Since his model has been the ba-
sis for other works,''™"* yielding inwards plasma separation
too, a discussion of Hooper’s model is very pertinent here.
Hooper’s model is similar to ours except for two important
features, which are at the core of the disagreement with our
conclusions: his model imposes current ambipolarity every-
where and is limited to the expansion of a cold plasma. In
addition, Hooper applied his model only to a uniform, non-
rotating beam at the nozzle throat. Schmit and Fisch'
applied it to plasma beams with independent, nonzero

© 2012 American Institute of Physics
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083501-2 E. Ahedo and M. Merino

azimuthal ion and electron flows. Little and Choueiri'* have
attempted to include the effects of plasma pressure in Hoo-
per’s model.

Electron-inertia is just one part of FELR effects. Full
FELR effects include also the divergence of the gyroviscous
(or stress) tensor,”” known as gyroviscous force, which is
ignored in all the above models. Consistent term ordering in
plasma fluid models for the case of finite Larmor radius—
discussed mainly in the plasma fusion field and focused on
ions, but valid for electrons too—states that the gyroviscous
force is of the order of the convective electron derivative in
the so-called drift ordering.” Here, the possible competition
of gyroviscous with electron-inertia effects will be only
pointed out.

The rest of the paper is organized as follows. Section II
recovers the model formulation for ions of Ref. 1. Section III
derives and discusses the nonzero inertia model for the elec-
tron fluid. Section IV analyzes the plasma response in terms
of main parameters. Section V discusses separately on cur-
rent ambipolarity models and gyroviscous effects. Section
VI compiles conclusions. A preliminary version of this work
was presented as a conference paper.'”

Il. MODEL: NOZZLE AND ION EQUATIONS

The general assumptions and notation of the present
model are identical to those in Ref. 1; only the elements
that facilitate the autonomous reading of the present paper
are repeated here. A current-free, fully ionized, collision-
less plasma beam of radius R expands from the throat of a
divergent magnetic nozzle created by a set of external coils
and internal plasma currents. In the cylindrical frame of
reference {1,,1,,1y}, with coordinates (z, r) for the axil-
symmetric magnitudes, the total magnetic field is
B =B(1,cosa+1,sina). The convention 0 < o < 7/2 is
adopted for the local magnetic angle, and the magnetic ref-
erence 1) = B/Band1, =1y x 1 is used too. There exists
a magnetic streamfunction, \, satisfying Vi = rB1,. For
the simulations presented here, we will consider the applied
magnetic field generated by a solenoid of radius Ry = 3.5R
and extending from z=—2.5R to z=2.5R, Fig. 1(a), and
we will restrict the analysis to a low-density plasma so that
the induced magnetic field is negligible (its inclusion can
be carried out iteratively”’). Thus, the throat is located at
z=0and (0, r) = 0. Along the paper, subscript 0 will refer
to values of magnitudes at (z, ) = (0, 0).

A two-fluid model is used for the quasineutral plasma,
with n = n; = n, being the plasma density. The general form
of fluid equations for each plasma species (j =1, e) is

V- nju_/ = 0, (1)
minju; - Vuj = =V - Pj — qnNp + ginju; x B, (2)

where u; is the species fluid velocity, P; is the pressure ten-
sor, and the rest of symbols is conventional. For vector mag-
nitudes, such as velocities u; (j=1, e) and current densities
Jj» their longitudinal (i.e., meridian) projections are denoted
with a tilde: u; = u; — ug;1y, etc.

The set of equations for ions can be expressed as

Phys. Plasmas 19, 083501 (2012)

\\\A \“
o/ R=0, 1157
0 0.5 1
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FIG. 1. (a) Magnetic field lines created by the solenoid (squares), and
sketches of the two beam density profiles at the throat. The solid line corre-
sponds to the nozzle edge r = Rg(z) in the zero electron-inertia limit.
(b) Density profiles at the throat and at section z/R = 11.5 for simulations A
and D. Asterisks represent the border between the central and peripheral
regions of simulation D. Circles represent the location of the magnetic noz-
zle edge r = Rp(z) at z/R = 11.5 for simulations A (white) and D (black).

Aalnn+ l(?lnn_‘_(?u”-_i_auz,-__ﬂ 3)
i or i 0z or oz  r’
ouy; Ou,; e 0 u%i
uriﬁ“””zt Oz - _E5+M&QI COSO(+7, (4)
Ou; Ou; e 0 .
Urj— =+l —— = s 0z ug;€Y; sin o, 5
rmiug; + e = Di(Y;), (6)

where ¢ is the ambipolar electric potential, Q; = eB/m; is
the ion gyrofrequency, the ion pressure tensor has been
neglected, ; is the ion streamfunction, satisfying

VY, = —rnu; x 1y (7

(with j=1), and D;(};) is the total azimuthal momentum for
ions in each streamline, which is determined from conditions
at the throat.

In order to complete this set of equations, a relation
between ¢ and 7 is needed, which will be provided by the
electron model. Initial conditions (at z=0, r < R) for the
above equations are the same as in previous works,

u; =0, wup; =0, wu;=cMo, (3
with My > 1, and n(0, r) is provided; Fig. 1(b) shows the
density profiles used in the simulations below. Notice that
ions enter the diverging nozzle without rotation (or swirling).
Ton swirling is known to occur in some devices'’ and has
been proposed by Schmit and Fisch for increasing inwards

plasma separation in the frame of Hooper’s model.
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083501-3 E. Ahedo and M. Merino

lll. MODEL: ELECTRON EQUATIONS

As in Ref. 1, let us consider a simple isotropic, isother-
mal model for the pressure tensor, i.e.,

V.P,=T,Vn,. (&)

Then because of axisymmetry and no resistivity, the azi-
muthal momentum equation reduces to

Uye O(ruge) Oug, eB
— se =—1Ul,. 10
roor e 0z m, o (10)

It is evident that this equation determines u ., and yields
u, = 0 in the limit m,/m; — 0. Making use of the magnetic
streamfunction, a first integral of Eq. (10) is

rme”@e_e‘//:De(l//e)7 (11)

where ), is the electron streamfunction, satisfying Eq. (7)
for j=e, and D,(,) is determined from throat conditions
too. A second conservation law along electron streamtubes
applies to the Bernoulli function,

T,Inn—ep +m, (i +uj,)/2 = H,(Y,), (12)

with H,(y,) also determined from throat conditions. The
third scalar electron momentum equation is the projection
along 1,, = 1y X @ /ii,: substituting Egs. (11) and (12) into
Eq. (16) of Ref. 1 yields

D), = rH’ + ’% <Ku - %) (13)
where primes denote derivatives and ., is the meridian cur-
vature of the electron streamtubes. Equations (11)—(13) are
exact for the thermodynamic model of Eq. (9).

The electron massless model of Ref. 1 corresponds to the
limit m, — 0 of Egs. (11)—(13), which take well-known
forms: Eq. (11) states that electron streamtubes are magnetic
streamtubes and therefore yields u,, = 0; Eq. (12) becomes
the Boltzmann relation along electron streamtubes, with
—H,/e the so-called “thermalized potential;” and Eq. (13)
states, first, that uy, is the sum of E x B and Vp x B drifts

[Eq. (25) of Ref. 1], and, second, that the macroscopic azi-
muthal frequency is constant within streamtubes, that is,

(14)

a property known as isorotation.'® In addition, for a current-
free plasma, we infer that Uje ~ i, ~ u; ~ cs, whereas the
value of uy, is closely dependent on the shape of n(0, r). A
typical range would be O(c;) <up < O(c,) with
ce = /T./m,.!

In a collisionless plasma, electron-inertia effects consti-
tute the only contribution making u,, different from zero.
Hence, an electron model retaining the dominant contribu-
tion of every component of u, must keep the whole equation
(11) or the equivalent Eq. (10). On the contrary, the terms
with m,u, in Egs. (12) and (13) yield only a contribution of
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O(m,/m;) in uj, and ug,, and therefore can be dropped.
Summarizing, the proposed nonzero-inertia electron model
consists of Egs. (11), (14), and

T,Inn— ed) = He(l//e) - merzwze(l//e)/z' (15)

This model retains fully azimuthal inertia and neglects longi-
tudinal one. Mathematically, the withdrawal of the inertia
term in Eq. (13) keeps electron momentum equations alge-
braic, a very positive feature to be exploited next.

Equation (15) provides the relation between n and ¢
required by Egs. (3)—(6). However, it also involves the elec-
tron streamfunction ¥,(z,r). Since now u,, # 0, electron
streamtubes separate from magnetic streamtubes and their
shape must be determined from Eq. (11). Substituting
Eq. (14) into it yields

rzmew()e(lpe) - Elﬁ(z, I‘) = De(lpe)a (16)

which is an implicit equation for ¥,(z,r). Therefore, Egs.
(15) and (16) complete the set of equations (3)—(6). Substi-
tuting the derivatives of ¢, Egs. (3)—(5) constitute a set of
three hyperbolic equations for My > 1 that are integrated
with the method of characteristics of Ref. 1.

The magnetic and electron streamtubes that depart from
(z, )= (0, R) define, respectively, the magnetic nozzle edge,
r = Rp(z), and the plasma beam edge, = Ry (z); their shapes
are obtained from solving y(0,R) = y(z,Rp) and ¥,(0,R)
=,(z,Ry). Since Ry = Rg for m,/m; — 0, the difference
between the magnetic and beam edges measures the electron
separation caused by azimuthal electron inertia. The beam
edge delimits an ideal plasma/vacuum boundary. In order to
minimize the effect of an artificial pressure jump there, we will
consider initial density profiles decaying to near-zero at the
edge; specifically, we will take 7(0,R) = 10™3ny.

Equation (16) establishes a principal feature of our elec-
tron model: electron streamtubes and their separation from
magnetic streamtubes depend exclusively on the magnetic
topology and electron conservation laws, and are independ-
ent of the ion dynamics and the plasma density map. From
Egs. (7) and (16), the slope of the electron streamtubes is

oY, /0z eBsino
U,  OW,/Or eBcosa—2mwy,

Upe

a7

This yields a second central feature: electron separation from
magnetic streamtubes depends exclusively on the sign of
woe (¥, ), which is determined by the beam conditions at the
throat. Assuming a steady-state plasma beam inside the cy-
lindrical source upstream of the divergent nozzle, Tonks'**’
showed that the azimuthal electron current is always diamag-
netic, which means wy, > 0 (for our convention on o).
Therefore, under that general equilibrium condition, one has

Uye Uz > tano (18)

and the electron streamtubes separate outwards from the
magnetic streamtubes.

Furthermore, in the strong magnetization limit, the
upstream plasma equilibrium corresponds to a 6-pinch,?’
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where the expanding plasma pressure gradient is balanced by
the confining magnetic force generated by the azimuthal
plasma current, while the confining electric force is negligi-
ble. In fact, the O-pinch limit of Tonks is adopted here as the
radial electron equilibrium at the throat

Olnn

2
mels,
0=-T,—— Ze%0e

— eug.B + (19)
The last, “centrifugal” term is small (and partially artificial,
as we will comment later) but it is kept for the mathematical
consistency of our fluid model. For n(0, r) given, Eq. (19)
determines the distribution of angular velocities,

eBr Or

i (0.0) = = =

According to Eq. (17), the magnitude of the electron/mag-
netic separation is proportional to wg,/Q,, with Q, = eB/m,
the local electron gyrofrequency. Near the throat and for
dInn/dr ~ 1/R, one has wy,/Q, ~ (Lo/R)*, which shows
that electron-inertia effects are indeed FELR effects. Since
wg. 1s conserved in the electron streamtubes, electron-inertia
effects grow downstream as wy./Q, x B! x R%, as pre-
dicted in Ref. 6.

To complete the electron model, the electron initial lon-
gitudinal velocity must be defined. Here, we will impose cur-
rent ambipolarity locally at the throat,

u,(0,r) =u;(0,r). (20)

IV. DISCUSSION OF RESULTS
A. Plasma expansion features

The current parametric investigation is limited to the
shape of the initial density profile, n(0, r), and two dimen-
sionless parameters, m,/m; and Qo = QiR /cs. As an alter-
native to one l0f them, the FELR parameter @eo =/Ly/R
=/ m, /m,-Qi0 can be used. The rest of parameters of the
model was discussed in previous works and they have no
major relevance on the discussion here. Table I summarizes
the five simulations illustrated in the figures to come. Initial
density profiles are depicted in Fig. 1(b): simulations O to
C correspond to a plasma beam with w,(0,r) = const,
yielding a near-Gaussian density profile,

TABLE 1. Parameters of the different simulations presented in the figures.
Simulation O corresponds to the zero electron inertia limit. Simulations A
and B differ in the magnetic intensity. Simulations A and C differ in the pro-
pellant. Simulations A and D differ in the initial density profiles, which are
defined within the main text. All simulations take My = 1.05 to ensure Egs.
(3)—(5) are hyperbolic.

Simulations Leo Tons Qo n profile

0 0 ... 0.409 Gaussian-like
A 5 %1073 Xe" 0.409 Gaussian-like
B 5% 1072 Xe™ 0.0409 Gaussian-like
C 5% 1073 H' 4.67 Gaussian-like
D 5% 1073 Xe™ 0.409 Uniform-like
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2 2
—2ewgelff + mewp,1

27, ;

n(0,7) = noexp (21)

and simulation D corresponds to an initially near-uniform
beam, treated in Subsection IV B.

Figure 2 illustrates electron and ion separation for simu-
lations A and B, which operate with the same gas (i.e., same
m,/m;) and different magnetic intensity By. As discussed
before, electron separation is outwards and it increases as the
magnetic field decreases. The ambipolar electric force
caused by quasineutrality tends to keep the ion streamtubes
close to the electron ones. However, the incomplete ion mag-
netization makes them separate inwards from the electron
streamtubes, except at the plasma/vacuum edge r = Ry (z).
Here lies a key difference with Hooper’s class of models,
which tie a priori ion and electron streamtubes. Let ojp =
angle(B,u;) (j =1i,e), be the separation angles of ion and
electron streamtubes with respect to the magnetic field.
Figure 3 plots examples of the possible behaviors: o,p = 0
and o;p < 0, for m,/m; =0; o, >0 and o taking both
signs; and o, > 0 and «;3 > 0. Simulations A and C operate
with different gases but share the same magnetic intensity.
This means the electron separation is the same in both cases,
but ion streamtubes are (slightly) more divergent for light
hydrogen ions than for heavy xenon ions.

Interestingly, in the zero-inertia limit ion separation is
always inwards, i.e., o;3 < 0. This implies that uy; is positive
(for a plasma source yielding a negligible ion swirl current),
so that the ion azimuthal current is paramagnetic and con-
tributes negatively to the thrust.' For m, /m; # 0, the ion azi-
muthal current can take both signs within the plasma beam
and its contribution to thrust is less negative. Anyway, this

10

FIG. 2. Streamtubes of magnetic field (solid, thick), electrons (solid, thin), and
ions (dashed) for simulations A and B. Each group of 3 lines starts from the
same location at z = 0, thus showing the downstream electron and ion separation
from the magnetic field. Ry and Ry represent the beam and nozzle edges, respec-
tively. The electron separation of simulation A is the same as that of C. Notice
the different axes scales.
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FIG. 3. Examples of local separation angles (in degrees) of electron (solid)
and ion (dashed) streamtubes from the magnetic streamtubes in different
simulations and at different locations (as indicated on each plot). Electron
separation is always outwards; ion separation can be outwards or inwards.

contribution is marginal in all practical cases. Inwards ion
separation has been observed in several recent experi-
ments.””>> Outwards ion separation, which requires out-
wards electron separation, has been observed t00.””

The outwards separation of electron streamtubes implies
that a stronger radial electric field is needed to pull ions
towards the more divergent beam edge and satisfy quasineu-
trality there. The correlation of electron separation and radial
fall of the electric potential is evident in the profiles of simu-
lations A and B in Fig. 4. The difference between simula-
tions A and C is due to the different ion mass: lower electric
fields are necessary to push lighter ions radially.

Figure 5 plots the local plume efficiency, 1, (z). This
was defined in Eq. (49) of Ref. 1 as the ratio P.;/P, of the
axial flows of axial versus total ion energy at sections
z=const. We observe that electron inertia penalizes 1,
since the beam divergence increases, but the penalty is small
since the large radial rarefaction leaves a very small beam
density at the edge vicinity.

The electron inertia effects analyzed here do not modify
the limits of validity of our plasma model, which were set al-
ready in Ref. 1. The model fails downstream because of (a)
electron demagnetization, measured by £, /R, or (b) loss of

0
C
o _05
I A
-
| -1 B
-
-1.5
z/R=5
0 0.5 1

T‘/RV

FIG. 4.ARadial profile of electric potential at z/R =5 for simulations A, B,
and C; ¢ = e¢/T,.
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Tplume

98%
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FIG. 5. Plume efficiency variation along z for simulations A and B. Plume
efficiency for simulation C (not shown here) is practically identical to simu-
lation A.

electron confinement, measured by i,/c,. Figure 6(a) illus-
trates the increase of ¢, /R caused by the decrease of mag-
netic intensity in a divergent topology. Figure 6(b) plots
ii?/c2; the increase of this parameter downstream (and
mainly near the plasma edge) is caused by electron flux con-
servation under the large plasma rarefaction.' Since the rela-
tive contribution of electron longitudinal inertia to uy, in Eq.
(13) is O(ii? /c?) roughly [see Section III], there is no addi-
tional restriction to the validity of the present nonzero-inertia
model. To confirm this last trend, Fig. 6(c) plots constant-
level lines of the ratio of the second versus the first term on

10

0 5 10

FIG. 6. 2D maps for simulation C of: (a) electron gyroradius parameter,
(b) longitudinal electron velocity parameter, and (c) relative contribution of
electron longitudinal inertia to uy, in Eq. (13).
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the right-hand-side of Eq. (13). Additionally, since these two
terms have different signs, we conclude that longitudinal
inertia decreases uy, (and thus breaks isorotation). Finally,
we note that, for simulation A, which uses xenon instead of
hydrogen, the curves of Figs. 6(b) and 6(c) correspond to
values two orders of magnitude lower, while Fig. 6(a)
coincides.

B. Near-uniform beam at the throat

A uniform density profile of the injected plasma beam
[i.e., n(0,r) = const = ng] is often used in 2D studies of
magnetic nozzles.'**® That profile presents a strong disconti-
nuity at the plasma-vacuum edge that must be discussed.
In Ref. 1, we demonstrated that, in the limit ¢,/R — 0, the
discontinuity is in fact a layer of O({,)-thickness, where a
large azimuthal electron current develops so that the result-
ing magnetic force balances the plasma pressure jump. Fur-
thermore, since the azimuthal electron current is zero within
the uniform beam, the electron current at the edge becomes
then the main contribution to thrust from the magnetic
nozzle.

Electron-inertia effects imply that £,0/R # 0 and make
it impossible to maintain the above two-scale analysis. In
order to tackle the uniform-profile case within a one-scale
analysis, here we consider a profile of n(0, ), which is uni-
form until a certain radius R; close to R, and then decays
exponentially to almost zero. Figure 1(b) plots the particular
profile simulated here, with R; = 0.8R. There is a double in-
terest in simulating a near-uniform profile. The first one is to
validate the results of the two-scale analysis of Ref. 1 and to
extend them beyond the asymptotic limit £, /R — 0. The sec-
ond one is that a near-uniform profile highlights particular
features of the expansion and separation of the plasma beam,
thus casting additional light on the subject.

Figures 1(b) and 7 plot the profiles of density and azi-
muthal electron current, respectively, at z/R =0 and 11.5 for
the case of a near-uniform density profile at the throat; the
Gaussian-profile case is included for comparison. For the
near-uniform case, the plasma beam in the nozzle can
be divided into central and peripheral regions, separated by
the magnetic streamtube departing from r = R;, that is

1 5
'
e D
/AN [
/ \ 1
/ \ 1 ‘l
I \ 1
‘*ég i \\ f “
I
~ 0.5 \ b
- ' \ b \
I N \
N \
! \ ) \
1 \ 1
] AN !
ol2/R=0. 115 “p.
o "
0 0.5 1
T/RV

FIG. 7. Azimuthal electron currents (normalized with maximum value of
each curve) for simulations A (thin) and D (thick). The dimensionless peak
values are 5.46 at z=0 (solid) and 0.34 at z/R = 11.5 (dashed) in simulation
A, and 26.6 at z=0 and 0.71 at z/R = 11.5 in simulation D. Asterisks corre-
spond to the same points of Fig. 1(b).
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W(z,r) = y(0,R;), marked with asterisks in the figures. The
set of Egs. (14) and (19) states that uy, = 0 in the whole cen-
tral region, which is illustrated in Fig. 7. Therefore, in the
central region there is no electron separation and no mag-
netic force: the electron pressure gradient observed in Fig.
1(b) is balanced only by the electric force. On the contrary,
the plasma behavior in the peripheral region is qualitatively
identical to the one found before for the Gaussian density
profile, as Figs. 1(b) and 7 illustrate too. An interesting fea-
ture is that the separation of the electron streamtubes is
larger the more uniform the initial profile is (i.e., as R; /R is
closer to one), because the larger pressure gradient
[~T.no/(R — Ry)] requires a larger ug,, which in turn yields
a larger u,,. The circles in Fig. 1(b) correspond to r = Rp
for z/R = 11.5, thus showing the magnitude of the separation
of the electron streamtube.

V. DISCUSSION OF MODEL ASSUMPTIONS
A. On current ambipolarity models

The local CA condition is

u; —u, =0. 22)
Since our model satisfies
V -en(u; —u,) =0, (23)

imposing CA at the throat section, condition (20), is enough
to assure that the plasma beam is current-free in the whole
nozzle, that is

Ry (2)
J drrn(uy — uz) =0, V. 24)
0

The imposition of CA is natural in quasi-1D models, where
it is equivalent to the current-free condition, but in our 2D
diverging nozzle model, local CA is not fulfilled in any vol-
ume, independently of both boundary conditions and
electron-inertia effects. As discussed in Ref. 1, the non-
fulfilment of CA is an immediate consequence of the separa-
tion between electron and ion streamtubes, which is possible
thanks to the partial magnetization of ions and the ambipolar
electric field preserving quasineutrality. Furthermore, Figs.
7(c) and 8(c) of Ref. 1 illustrated that imposing CA either at
the throat or at a downstream section, CA is not fulfilled in
the rest of nozzle sections.

Although electron-inertia effects have little to do with
CA fulfilment, they have been a central piece in the formula-
tion of Hooper’s model.'” We are now able to show that this
model is mathematically inconsistent and yields nonphysical
solutions. Notice first, that our 2D model involves 8 inde-
pendent scalar equations for 8 scalar variables: u;, u,, n, and
¢. Clearly, none of the particle and momentum equations is
dispensable; also, although the equations are coupled among
them, it is possible to identify which plasma variable is
determined preferentially by each equation.

Hooper applies Eq. (22) instead of Eq. (23). This substi-
tution adds one extra equation to the problem, making it in-
compatible, as we show next. The set of equations (4)—(6)
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plus Eq. (10) substituting u,, with u,; is complete for the
four variables u;, and ug, in a cold plasma. Notice that the
modified Eq. (10)—or Eq. (11)—determines ug,. Apart from
these four equations, Eq. (3) would yield n. Still there are the
two electron longitudinal momentum equations, (14) and
(15), to be satisfied but only one variable, ¢, remains unde-
termined. The incompatibility of this CA model lies in that
Eq. (14) also determines ug,—stating it to be the well known
(enE + Vp,) x B drift. Clearly, the over-determined charac-
ter of the model would be avoided by just removing the CA
condition and letting Eq. (10) to determine u.(# u,;), as
we do.

We can venture the reasons why Hooper, in an other-
wise well-reasoned and clearly presented paper, did not
detect the model inconsistency. The first reason is that,
although he was well aware that CA is just an approximation
in a 2D model (he devotes a whole section to discuss CA)
he supposed the approximation to be a good one. The second
reason is that an omission on the manipulation of the equa-
tions rendered his CA model mathematically compatible. To
explain it, let us first write Egs. (14) and (15) in the compact
form

ug. dD,
rody,

1
0=V|T, lnn—eqb—i—imeu%g

Vi, (29
Hooper’s error was to treat the function D, (y,) (—e'Py in his
notation) as a constant, when, both in the general case and in
his application to a uniform beam with ug, (0, ) = 0, it is not.
That mistake leads to the omission of the last term of
Eq. (25): this term (divided by m,) is missed in Eq. (11) of
Hooper,'” in Eq. (2.8) of Schmit and Fisch,'? and in Egs. (8)
and (9) of Little and Choueiri.'* The maimed version of equa-
tion (25) yields only one scalar equation: H,(1,) = const, and
misses completely the indispensable Eq. (14). The “vacancy”
left by Eq. (14) was supplanted by imposing CA, leading to a
model mathematically compatible but ill-derived and
nonphysical.

The nonphysical aspects of Hooper’s model can be dis-
cussed in terms of the electric potential. First, his cold plasma
satisfies a limit form of Eq. (15): e¢p — meu{%e/Z =0, Eq. (12)
of Ref. 10. This implies that ¢ is minimum at the axis and
grows radially, indeed pushing electrons radially outwards,
fully opposed to a typical plasma expansion. Second, the na-
ture of the electric field in the cold plasma model, responsible
of keeping quasineutrality and 2D current ambipolarity, is
very uncertain. Schmit and Fisch speculate on the presence of
“local microscopic ambipolar electric fields,” while “no mac-
roscopic self-field can arise in the system.” But our hot-
plasma (quasineutral) model shows, first, that the ambipolar
electric field is proportional to T,, and second, the pressure
contribution can never be dropped, even downstream, since it
always dominates over the ambipolar electric force. This is
true also for an adiabatic electron pressure law, instead of an
isothermal one, and for a plasma beam injected at high super-
sonic velocities, i.e., My large, a case approaching Hooper’s
one, and commented in Ref. 6.

Consequently, the cold-plasma case is not a regular limit
of the hot-plasma model. Furthermore, as the plasma
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becomes more supersonic, the perpendicular electric field
and plasma rarefaction become larger. This weakens plasma
quasineutrality and supports the idea that the electric field in
the cold-plasma limit is of non-neutral character, generated
by the space-charge being built between weakly magnetized
ions trying to move axially and electrons trying to follow the
divergent magnetic lines. The idea of electrostatic separation
as a detachment mechanism of the far-downstream plasma
was raised in Ref. 6.

Little and Choueiri'* have extended Hooper’s model to
a hot plasma, adding the pressure contribution to their equa-
tions for the longitudinal velocity of the electron-ion pair.
Apart from using an approximate continuity equation to
determine 7, the main objection here is that, as Hooper, they
integrate the resulting equations along the well-tied electron-
ion streamlines, and they maintain the mathematical omis-
sion in Eq. (25). Instead, our ion equations (3)—(5) take ¢(n)
from the electron model and are integrated along the classi-
cal three families of characteristics lines of an expanding hot
gas: ion streamlines and the pair of Mach lines.'

Our conclusion is that the failure of CA and thus the
presence of longitudinal currents are inherent to the 2D di-
vergent expansion of a plasma beam with partially magne-
tized ions. Furthermore, we believe it to be fundamental for
downstream plasma detachment.® CA would be fulfilled in
the ion strong-magnetization limit, defined as Q;R/c; — oo,
when ion streamtubes coincide with electron and magnetic
streamtubes. But the ion strong-magnetization limit is not
appropriate for magnetic intensities and propellants used in
plasma thrusters.' Besides, even if that limit is applicable at
the throat region, it eventually fails downstream.

The presence of longitudinal currents raises the issue of
the current closure, which was already commented in Ref. |
and continues open. A reliable answer requires both to
extend the 2D nozzle model far downstream and to match it
upstream with a plasma source model. One presumes that for
the plasma beam injecting into a weak environmental
plasma, a far downstream current closure across the mag-
netic field can be postulated. Also, if the plasma beam
impinges on a conducting plate, this will host the current clo-
sure path. However, if the beam impinges on an absorbing or
recombining insulating surface—Ilike in Fig. (8c) of Ref. 1—
the current closure is expected to happen upstream, in the
more-collisional plasma source.

B. On full FELR effects

The electron-inertia hot-plasma model discussed hereto
assumes the simplest form of the pressure tensor of Eq. (9): P,
is diagonal, isotropic, and isothermal. Non-isothermality is easy
to take into account and leads mainly to a qualitative change on
the far plasma response. Pressure anisotropy, with different
parallel and perpendicular temperatures, is of interest for certain
plasma thrusters, in particular the electrodeless electron cyclo-
tron resonance thruster.''”” Non-isothermality and anisotropy
are dominant (i.e., zero-Larmor-radius) effects on the electron
response and require an independent study.

On the contrary, the non-diagonal part of the pressure
tensor, Il,, known as the stress or gyroviscous tensor’
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defines the gyroviscous force, G = V - I1,, which is a finite
Larmor-radius effect. In the present case, where electron-
inertia effects are limited to the azimuthal momentum equa-
tion, Eq. (10), only the component Gy could be relevant.
Although recognizing its importance, the evaluation of the
gyroviscous force is a challenge which merits a dedicated
work. The first difficulty is that there is no consensus on the
expression of the gyroviscous force, although Ramos’ has
derived recently a general (and extremely involved) expres-
sion of it, which, in different limits, recovers cases of other
authors. In particular, for a near-Maxwellian electron veloc-
ity distribution function with temperature 7,, the gyroviscous
force would reduce to Braginski’s expression,® which is
Eq. (28) of Ref. 9.

Focusing now on that expression, the second challenge
is that the gyroviscous force includes several terms, which
can be grouped on two types. On the one hand, there are lin-
ear terms on first-order derivatives of u, and p,, which would
provide a partial diamagnetic cancellation of electron iner-
tia.” For instance, they would cancel the small “centrifugal
force” in Eq. (19) and would oppose (but may not cancel)
the convective radial derivative of Eq. (10). On the other
hand, there is the true viscous contribution, consisting of
terms with second order derivatives of u, and products of
first-order derivatives of u, and p,. These terms break the
hyperbolicity of the ion equations, making our current inte-
gration approach inapplicable.

Since the gyroviscous
T./eBo = (Lo /R)z, given By it vanishes, together with the
pressure, only in the cold plasma case. For the case of inter-
est of a hot-plasma in a diverging nozzle, the suitable expres-
sion of the gyroviscous force and the relative ordering of its
different terms has to be assessed. This will indicate whether
there is a parametric range where the gyroviscous force can
dominate FELR effects.

force is proportional to

VI. CONCLUSIONS

Electron-inertia constitutes a mechanism capable of
detaching highly magnetized electrons from nozzle magnetic
streamtubes. Electron-inertia effects are part of finite
electron-Larmor radius effects. Therefore, they increase
downstream, as the magnetic strength decreases, and consti-
tute a sign of plasma demagnetization.

Here, dominant electron-inertia effects have been stud-
ied within an isothermal fluid model. The electron momen-
tum equations reduce to three algebraic laws, stating
conservation of the Bernoulli function and the azimuthal mo-
mentum, and isorotation along electron streamtubes. As a
consequence, the shape of the electron streamtubes and thus
their separation from magnetic streamtubes becomes inde-
pendent of the ion dynamics. This electron model yields,
under rather general equilibrium conditions on the injected
plasma beam, that electrons separate outwards of the mag-
netic lines, the plasma beam thus progressively filling the
vacuum region adjacent to the nozzle, which is coherent
with FELR effects leading to plasma demagnetization.

While electron separation depends mainly on the elec-
tron Larmor radius, ion separation depends on both the ion
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Larmor radius (based on the directed velocity) and the ambi-
polar perpendicular electric field (affected by electron sepa-
ration). Both inwards and outwards ion separation from the
magnetic lines can take place, as it has been observed experi-
mentally. As long as the FELR parameter is small, it penal-
izes only slightly the plume efficiency. When, farther
downstream, the FELR parameter becomes of order one, the
plasma demagnetizes, but this nozzle region is out of the lim-
its of the present model.

A study of near-uniform beams at the throat has con-
firmed a previous two-scale study for the zero electron gyro-
radius limit and makes more evident the role of the
azimuthal electron current on the force balance and the
plasma separation, which is larger in plasma beams injected
with large pressure gradients.

A dissection of Hooper’s model, which yields inwards
electron separation, has been undertaken in order to under-
stand the cause of our mutual disagreement. It has been dem-
onstrated that: (1) forcing current ambipolarity everywhere
leads to an incompatible model, where uy, is determined
simultaneously from two independent equations; (2) a term
was erroneously omitted in the manipulation of the equations,
with important consequences on the resulting model; and (3)
the electric potential presents a nonphysical profile and its
ambipolar character—justifying a quasineutral model—is
uncertain in his cold plasma.

It is concluded that the failure of current ambipolarity is
natural in the diverging expansion of a meso-magnetized
plasma and possibly fundamental for its downstream detach-
ment, but we acknowledge that the upstream and downstream
current closures remain an issue to be studied. For the future,
a dedicated analysis of the gyroviscous force—very scarcely
studied in the plasma propulsion context—seems convenient.
This force could compete with electron inertia and completes
FELR effects on a hot, collisionless plasma. However, the
gyroviscous force could ruin the hyperbolicity of our equa-
tions, invalidating our efficient and successful integration
scheme for the plasma/nozzle problem.
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The expansion of a plasma with two disparate electron populations into vacuum and channeled by
a divergent magnetic nozzle is analyzed with an axisymmetric model. The purpose is to study the
formation and two-dimensional shape of a current-free double-layer in the case when the electric
potential steepening can still be treated within the quasineutral approximation. The properties of
this quasi-double-layer are investigated in terms of the relative fraction of the high-energy electron
population, its radial distribution when injected into the nozzle, and the geometry and intensity of
the applied magnetic field. The two-dimensional double layer presents a curved shape, which is
dependent on the natural curvature of the equipotential lines in a magnetically expanded plasma
and the particular radial distribution of high-energy electrons at injection. The double layer
curvature increases the higher the nozzle divergence is, the lower the magnetic strength is, and the
more peripherally hot electrons are injected. A central application of the study is the operation of a
helicon plasma thruster in space. To this respect, it is shown that the curvature of the double
layer does not increment the thrust, it does not modify appreciably the downstream divergence of
the plasma beam, but it increases the magnetic-to-pressure thrust ratio. The present study does not
attempt to cover current-free double layers involving plasmas with multiple populations of positive

ions. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789900]

. INTRODUCTION

Expansion of a current-free (CF) plasma into vacuum,
whether geometrically or magnetically channeled, is inher-
ently associated with the existence of an electric field created
by the plasma, which accelerates ions and confines electrons
along the expansion direction (except for the small electron
drift current that keeps the plasma beam globally current-
free). Under certain circumstances, a significant part of the
total potential drop takes place in a thin non-neutral plasma
region, known as current-free double-layer (CFDL). A recent
review by Singh' has highlighted the upsurge of research on
CFDLs due to their applications to plasma acceleration,
astrophysical plasmas, and helicon plasma devices (HPDs).

Several of Singh’s conclusions serve as the starting
framework for the present study. First, he establishes the ex-
istence of, at least, two different categories of CFDLs: the
one that can develop in two-electron-temperature (2ET) plas-
mas and the one observed in the laboratory experiments with
HPDs; furthermore, it is concluded that “the physical process
taking place in the formation of 2ET-CFDLs appears to be
quite different from that in the formation of HPD-CFDLs.”
Second, the theoretical understanding of the 2ET-CFDL is
considered quite established, and this DL is regarded as a
“robust phenomenon,” which has been identified in labora-
tory experiments and in large-scale models and numerical
simulations of space and astrophysical plasmas. Third, in
spite of these advancements, the review expresses the neces-
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sity of studying further the multi-dimensional structures of
2ET-CFDLs. And fourth, in contrast with 2ET-CFDLs, it is
acknowledged that a sound theoretical development of HPD-
CFDLs is still lacking. Finally, the reference list, covering
theoretical, numerical, and experimental studies, presented
in Singh’s review is quite exhaustive; therefore, here only
those works more connected to ours will be cited.

The understanding of the 2ET-CFDL is based, on the
one hand, on the commendable experiments by Hairapetian
and Stenzel™ with 2ET plasmas expanding in a vacuum
chamber with a near-uniform magnetic field and, on the
other hand, on the one-dimensional(1D) models of Bezzer-
ides et al.,4 Perkins and Sun,” Barakat and Schunk.® and
Ahedo and Martinez-Sanchez.” The 2ET-CFDL is likely the
simplest type of CFDL, since it may involve just a collision-
less plasma constituted by three distinguished species: posi-
tive ions and two electronegative populations of disparate
thermal energies. Commonly, these last ones are Maxwellian
(or “cold”) and suprathermal (or “hot”) electrons. The two-
dimensional (2D) structure of the 2ET-CFDL was observed
experimentally by Hairapetian and Stenzel, and curved 2ET-
CFDLs have been detected in astrophysical plasmas too.'*
The central aim of the present work is to develop a 2D mac-
roscopic model of the 2ET-CFDL and its surrounding plasma
in order to understand the role of plasma conditions on its
formation, location, and curvature.

The laboratory HPD-CFDL has been studied extensively
by several groups—Refs. 9—17 being representative of such
activity, — and there is evidence of the emission of supra-
thermal electrons in HPDs,'"'*'*% possibly generated by
electron-wave Landau resonance.”’ In spite of such amount

© 2013 American Institute of Physics
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of research and the presence of a 2ET plasma, there is an
incomplete understanding of the HPD-CFDL and there are
reasons to defend a separate category for them. Singh states
that the HPD-CFDL is “device speciﬁc,”1 in the sense that
experimental results are diverse and a systematic characteri-
zation of the HPD-CFDL is still pending. The experimental
evidence shows that the plasma in a HPD-CFDL is more
complex than the one considered in the 2ET-CFDL case: in a
typical HPD-CFDL experiment, the device emits a partially
ionized, 2ET plasma into a background plasma, this one con-
fined by a diffusion chamber (or the vacuum chamber). As a
consequence, downstream ionization and other collisional
processes can be important and a secondary, low-energy
population of ions can form outside of the source (see, e.g.,
Fig. 1 in Ref. 15). Thus, the HPD-CFDL would involve typi-
cally a partially collisional plasma with at least five distin-
guished, counterstreaming species (taking into account the
neutrals), as it is assumed, e.g., in the theory of Liebermann
et al?* That theory resembles the classical one for the
current-carrying Langmuir DL,”* laying a central role on DL
formation to the presence of trapped and freely accelerated
ions, while forward and backward flows of suprathermal
electrons would adjust to meet the current-free condition.
This 5-species HPD-CFDL is not discussed in this paper.

Interestingly, part of the experiments on HPD-CFDLs is
meant to study the use of helicon plasma devices as space
thrusters. However, there are two crucial conditions of a heli-
con plasma thruster operating in space that differ from those
of the aforementioned HPD-CFDL laboratory experiments.
First, for a space thruster to be competitive, the emitted
plasma must be near-fully ionized and hot, which means
quasi—collisionless.24 And second, there is no interaction of
the emitted plasma with the very tenuous plasma of the space
environment in the distances of interest. Therefore, for a
HPD operating in space and emitting a plasma with supra-
thermal electrons, a 2ET-CFDL, instead of a HPD-CFDL,
could form.

In the typical configuration of a helicon thruster, the
plasma, after leaving the chamber, is guided and expanded
supersonically by a divergent magnetic nozzle.”>** To this
respect, it is important again that collisions are negligible,
since otherwise they would screen the magnetic channeling
and annihilate its benefit in thrust efficiency.”~" This justi-
fies that our 2D model of a 2ET-CFDL is built upon two pre-
vious ones. The first one describes the quasi-1D expansion
of a 2ET plasma in a convergent-divergent geometry.”’
This 1D model characterizes, in terms of the temperature
and density ratios of the electron populations, the parametric
regime where a CFDL is formed as a discontinuity surface of
the quasineutral solution. The second model analyzes the 2D
expansion of a single electron temperature (1ET) plasma—
i.e., a simple plasma—in a divergent, axisymmetric magnetic
nozzle.”” This model shows that crucial 2D phenomena are
missed by 1D nozzle models, such as the strong radial rare-
faction of the beam, the separation of ion and magnetic
streamtubes, the plume efficiency, and the magnetic charac-
ter of thrust in the nozzle (based on the axial magnetic force
of azimuthal plasma currents). The 2D model achieves a
neat formulation by considering that the plasma expansion is
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collisionless and electrons are fully magnetized. The inclu-
sion of a 2ET plasma model into the 2D nozzle model allows
us to analyze the formation and 2D shape of a 2ET-CFDL.
The influence of the intensity and geometry of the applied
magnetic field, and of the hot-to-cold electron radial distribu-
tion at injection are investigated.

A controversial subject related to helicon plasma thrust-
ers has been whether the CFDL can have a propulsive role,
since Charles and Boswell” claimed that the CFDL was an
innovative thrust mechanism. On the one hand, 1D models
show that the 2ET-CFDL does not increment thrust and
modifies very slightly the thruster efficiency.”'* On the
other hand, the 2D model of a 1ET plasma shows that the
downstream divergence of the plasma beam (one of the fea-
tures reducing the thruster efficiency), is dependent on the
magnetic nozzle divergence and strength. In the present
work, we assess how the curved 2D shape of the 2ET-CFDL
can change the average divergence of the plasma beam and
whether this can affect the thruster efficiency.

The rest of the paper is organized as follows. Section II
reviews the main conclusions on 2ET-CFDLs emanating
from previous studies. This review is pertinent for the discus-
sion of the 2D-2ET model to follow, and also as a comment
to subjects raised in Singh’s paper. Section III formulates the
2D-2ET plasma/nozzle model. Section IV presents main
results and discusses the influence of different parameters.
Section V discusses propulsive performances. Finally, con-
cluding remarks are gathered in Sec. VI.

Il. ON PROFILE STEEPENING AND DOUBLE-LAYER
FORMATION

The first point we want to highlight is that an ambipolar
steepening, at some intermediate location, of the profiles of
plasma density n and electric potential ¢, occurs naturally in
a simple 1ET current-free plasma expanding into vacuum;
see for instance, Fig. 1 of Ref. 1. The typical amplitude of
the potential steepening is the plasma temperature, and its
typical thickness (in a weakly collisional plasma) is the geo-
metrical length R of the plasma region. In an unmagnetized
cylindrical plasma expanding into vacuum, that length can
be the tube radius. In a plasma channeled by a diverging
magnetic nozzle, the steepening length is the curvature ra-
dius R, of the magnetic field. Plasma profiles expectedly
become more steepened as R or R, decrease. In a multi-
species plasma, with populations of different mean energies,
profile slopes can depend on the locally dominant species,
and additional steepening can occur.

Depending on the properties of the expanding plasma,
the potential drop can concentrate locally to give rise to a
DL. The most relevant literature is unanimous in that a DL is
a thin, non-neutral layer between two adjacent quasineutral
regions.”** This statement makes full sense only within a
two-scale analysis based on the asymptotic zero-Debye-
length limit, i.e., 4p/R — 0. In real devices and in single-
scale models, where Ap/R can be small but not zero, the
above statement must be interpreted in the following way: a
DL in a plasma of temperature T, is a region where the
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electric field, E, is of order ~T,/(e/p), in contrast to a typi-
cal value of ~T,/(eR) outside the DL. For instance, a plasma
with n ~ 107 m=> and T, ~ 5 eV has Ap ~ 50 um. Thus,
for R=5cm, we have Ap/R ~ 1073, and typical DL and
ambipolar electric fields would be clearly distinct: ~10° V/
cm and ~1 V/cm, respectively.

In practice, the unequivocal presence of a DL is more
difficult to ascertain when /p/R is moderately small or the
maximum electric field in the plasma is in the intermediate
range T, /R < eE < T,/Ap. The term weak DL is sometimes
used for these cases. It turns out’ that a 2ET-CFDL is always
weak because the electric space-charge p, is always small,
i.e., p,/(en) < (1). The electric field of the 2ET-CFDL is
~Ty/(eLpr) with Lpy = /€oTy/(ep,) and T}, the tempera-
ture of hot electrons. This weak character would explain the
difficulty to distinguish, in practice, between a ‘“true,” non-
neutral CFDL and just an enhanced ambipolar steepening,
termed “quasineutral steepened layer” (QSL) by Ahedo and
Martinez-Sanchez.’ Here, we have opted for the more identi-
fiable name of “quasi-double-layer” (QDL).

At any rate, two-scale models, like the one to be used
here, are unambiguous on whether the 2ET plasma presents
a QDL or a (true) DL. Bezzerides et al.* for a time-
dependent expansion, and Barakat and Schunk® and Ahedo
and Martl'nez—Sémchez,7 for a steady-state one, have demon-
strated that augmenting the suprathermal electron relative
density or temperature increases progressively the steepening
of the QDL, until the quasineutral spatial profile becomes
multivalued and a discontinuity (i.e., the DL) has to be
postulated. For the standing case, Ahedo and Martinez-
Sénchez determine, in the hot electron density-temperature
parametric plane, the boundary line between QDL and DL
regimes. Ahedo’’ also shows that the shift of dominance
from cold to hot electrons across a QDL involves a large
change in the sound speed of the plasma. This makes the var-
iation of the plasma Mach number non-monotonic, and the
potential steepening is maximum around the location where
the supersonic Mach number presents a local minimum. For
this “anomalous thermodynamics,”* Ahedo demonstrated
that the transition from a QDL to a DL takes place when this
minimum becomes subsonic: the quasineutral plasma cannot
manage the crossing of a new sonic point and a discontinuity
develops.

lll. FORMULATION OF THE 2D, 2ET PLASMA MODEL

The model described in this section extends the 2D, 1ET
plasma model of Ref. 29 to include different electron spe-
cies. As such, only the indispensable and distinctive aspects
of the extended model will be summarized below. The nota-
tion followed here is based on our previous works.””’

A collisionless, low-f, cylindrical plasma of radius R is
injected sonic/supersonically at the throat of a divergent, axi-
symmetric magnetic field B. The plasma is constituted of
low-energy (“cold,” ¢) and high-energy (“hot,” 4) electrons,
and singly charged ions (i), with negligible temperature
compared to “cold” electrons. The quasineutrality condition
n; = ny + n. = n is satisfied. Motion is described using the
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cylindrical frame of reference {1,,1,,1yp} complemented
with magnetic unit-vectors 1) = B/Band 1, =1y x 1. We
work in the zero Larmor radius limit of electrons,35 ;i
= /Tim./(eB) < R (for j = ¢, h); as a consequence, elec-
tron and magnetic streamtubes coincide (u;; =0 for
Jj = c, h). Tons, however, are only partially magnetized and,
since ion temperature is neglected, the relevant ion Larmor
radius ¢; is the one based on the ion longitudinal velocity,
l~l,’ =u; — M@,‘l@, i.e., é,‘ = L?,m,/(eB)

The steady-state fluid equations for ions are*’

6u2f+8u,~i+ '8lnn+ Olnn__@ W
0z or "o, e T T
au:i 8l'{zi 8¢ N
m; <uZiE + Uy ar ) + 65 = —euyB,, 2
Oty Oty op . m,-u%i
m; (uZiE + Uy ar > + 65 = equBz + 77 (3)
mirug; + ey = Di(1;), @)

where ¢ is the ambipolar potential, ¥/ and ; are the mag-
netic and ion streamfunctions and D;(y;) a known function
of flow conditions at the throat. Besides the conservation of
the canonical azimuthal momentum, Eq. (4), energy H; is
conserved on each ion streamtube,

mi(ii} + ) /2 + e = Hi(Yy). 5)

To close these ion equations, the electron model must
provide a relation between n and ¢. As in Refs. 7 and 29, an
isothermal fluid model is assumed for each electron species.
Then, the required ¢-n relation is simply the Boltzmann
relation along each magnetic streamtube,

Tilnn; —e¢p =H;(y), j=c,h, (6)

where functions H; are known from flow conditions at the
throat. The differentiation of Eq. (6) yields:

o ne ny ne dH( ny dHh
dn = (T(. +Th>ed¢+ (Tc ay +Th ay

)dlﬂ, )

where the terms in the last parenthesis are related to the mag-
netic force of electron azimuthal current densities,

. dH; .
Joj = —enjug; = mjd—z//j’ j=c,h. 8)

For a supersonic ion flow, the substitution of Eq. (7) in
Eqgs. (2) and (3) results in a set of three hyperbolic equations,
which can be solved with a forward-marching method of
characteristics (MoC).”**° The plasma sound speed c; of the

ion flow is given by the relation”
no ne  on
B T(: Th ’

9
2 )
and the effective Mach number is M = ii;/c,. At this point, it
is convenient to define the hot-to-cold temperature ratio,
1 = T} /T,, and the local hot-electron density ratio,
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o(z,r) = my(z,r)/n(z,r). (10)

There are three families of characteristic lines in the longitu-
dinal plane, namely: the ion streamlines (i.e., the longitudinal
section of ion streamtubes) and the upward- and downward-
marching Mach lines, which form angles +sin~'(1/M) with
respect to the former.

The MoC, implemented in our DIMAGNO code, allows
for a favorable integration scheme in terms of accuracy and
computational cost. However, our approach does not allow
the simulation through true DLs, associated to an additional
sonic surface downstream of the throat where hyperbolicity
(and quasineutrality) fails.”' As a consequence, our analysis
of enhanced steepening in 2ET plasmas is limited to the
QDL regime where the minimum ion Mach number, M, in
the divergent nozzle is still supersonic. This restriction is not
critical for present purposes since, despite the formal differ-
ences related to the zero Debye-length limit, QDL and DL
structures represent the same physical phenomenon with a
different degree of intensity. Nonetheless, one observation is
necessary. While a DL is a sharp discontinuity in the quasi-
neutral scale and its location is perfectly defined, the location
of the QDL is partially arbitrary. In the present 2D model,
the location of the QDL is defined as the surface formed by
the minima of M along each magnetic line, which is almost
coincident with the surface of maxima of E.

Notice that, as expressed by Eq. (6), the 1D model de-
pendency of electron dynamics on ¢ is still essentially valid
for the 2D model, but limited to each magnetic line sepa-
rately. Clearly, in the 2D model, ¢ = ¢(z, ) results from the
hyperbolic plasma response, and also M = M(¢, ¥, ;).
Since the potential and the Mach number depend on the
whole plasma flow, the formation of the QDL in the mag-
netic nozzle is a fully 2D effect.

Plasma conditions at the throat (i.e., at z=0 and
0<r<R)are

U =up=1u; = MOC.Y(Ov r)lza

¢ =0,

(0, r) known,

(1)

n = ngexp(—ar?/R?),

where subindex O denotes values at the origin (z = r = 0),
and (0, r) refers to the radial distribution of hot electrons,
Eq. (10). We shall take My = 1.01 to comply with hyperbol-
icity of the ion equations, and a =3In10 [so that
n(0,R)/ny = 10%]. For sake of illustration, we will use the
divergent magnetic nozzle created by a single loop of radius
R, placed at z=0. The rest of the parameters of the model
are: (1) the constant hot-to-cold electron temperature ratio
1 =T,/T,; (2) the nozzle divergence rate, measured by
R/R;, or more precisely by R/R,(0,R); and (3) the magnetic
strength at the throat, measured by the dimensionless gyro-
frequency at the throat, Q) = eBoR//m;T..

Several observations on Eq. (11) are due. First, note that
the assumption of current-free flow is not essential for our
model. As such, we expect it to be applicable to plasmas
with a net current smaller than the electron thermal current,
so that most cold electrons are effectively confined. Second,
¢(0,r) = 0 means that each electron species is in a #-pinch
equilibrium at the throat, with the radial pressure gradient
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balanced by the magnetic force due to azimuthal currents,
which are essential for the electromagnetic thrust.”’ And
third, it must be acknowledged that, since a theory on the
hot-electron velocity distribution function has not yet been
established, any modeling of that distribution is highly spec-
ulative. In the present case, this affects the thermodynamic
models for cold and hot electrons as well as the relative hot-
electron radial distribution (0, 7). Our choice for two super-
imposed Maxwellian, isothermal populations is based (in the
absence of a better criterion) on simplicity and on the fact
that Bezzerides er al.* and others”’* showed explicitly that
the enhancement of the steepening and the DL formation do
not depend particularly on the thermodynamic equation of
state but on the disparities of energies between cold and hot
electrons. With respect to the distribution of «(0, r), the sim-
plest choice corresponds to identical radial profiles of hot
and cold electron densities at the throat, i.e. (0, r) = const,
which besides has the advantage of allowing direct compari-
son with the 1D 2ET-CFDL model. On the contrary, the gen-
eral case of different radial profiles for cold and hot electrons
at the throat, «(0, ) # const, is genuinely 2D. Experimental-
ists have detected (or inferred) the two extreme cases: hot
electrons forming preferentially either near the edge''*"*"
or around the center”'® of the plasma beam. Both possibil-
ities are explored here.

IV. LOCATION AND CURVATURE OF THE 2D QDL

The discussion of QDLs herein is illustrated with several
simulation cases, which are described in Table I: Simulation
TO illustrates the expansion of a 1ET plasma, with
(0,r) = 0; T4 and T8 take o(0,r) = 0.04 and 0.08, respec-
tively. In particular, simulation T4, with 4% of hot electron
relative density at the throat and nearly unmagnetized ions,
constitutes the reference simulation against which the rest of
2ET plasma cases are compared. In simulation S, the
strength of the magnetic field is 1000 times larger than in T4,
thus ions are highly magnetized at the throat, with ¢;/R
= 0.02 there. In simulation D, the nozzle divergence rate is

TABLE I. Summary of the different parameters used for each simulation.
Simulation TO describes a simple 1ET plasma (i.e., single temperature elec-
trons). Simulation T4 is our reference 2ET plasma. All other simulations
deviate from it in the value of one of the parameters (highlighted in bold-
face): simulation T8 has a higher fraction of hot electrons, simulation S has
stronger magnetic field, and simulation D has a more divergent nozzle
(roughly half the curvature radius). Simulations T4, T8, S, and D all have
(0, r) = const. In simulations P and C, the function changes according to
g~ (r) o [2 = cos(nr/R)], while keeping an average value of 0.04, as in T4;
simulations P and C concentrate hot electrons in the periphery and the beam
axis respectively. All simulations have T = 18 and M = 1.01.

Simulation a(0,7) Qi R./R
TO (simple 1ET plasma) 0 0.05 3.5
T4 4% 0.05 35
T8 8% 0.05 35
S (strength) 4% 50 3.5
D (divergence) 4% 0.05 2.5
P (periphery) g (r) 0.05 35
C (center) gt (r) 0.05 3.5
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roughly twice that of T4. Finally, in simulations P and C, hot
electrons concentrate at the periphery and the center of the
beam, respectively, while having the same integral fraction
at z=0 as simulation T4, i.e.,

R R
%y = J rnhdr/J randr = 0.04. (12)
0

0

(Notice that oy should not be confused with o in Refs. 7 and
31, where subindex 0O referred to the stagnation conditions of
the flow far upstream of the nozzle throat, a region not
treated here).

According to the 1D model, the hot-to-cold temperature
ratio t defines the intensity of the steepening and the
critical value of @, for DL formation.” In the present simula-
tions, it has been fixed at t = 18. For this value of 7, the 1D
model predicts that the parametric transition from
solutions with a QDL to those with a DL takes place at
oo = 10%.

A. Influence of the hot-electron fraction

Figure 1 shows plasma properties for simulations TO,
T4, and T8. Color maps represent the electric field strength;
equipotential surfaces and electric field lines are also shown.
The 2ET plasmas of T4 and T8 exhibit the formation of a
steady-state QDL (displayed as a thick dashed line). The
plots above the 2D maps of Fig. 1 present the evolution of
the electric potential ¢, electric field E = —V¢, and ion
Mach number M along the axis (i.e., for r =0).

In agreement with the experiments of Hairapetian-
Stenzel® and the 1D model, as 2(0,r) increases: (1) the

T0
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position of the QDL surface shifts towards the throat, (2) the
local maximum of the electric field increases, and (3) the
local minimum of the supersonic Mach number becomes
closer to 1. The novel 2D feature is the curvature of the
QDL, which agrees qualitatively with the convex U-shaped
steepenings detected experimentally.'"'® In fact, the QDL
convexity mimics that of the nearby equipotential surfaces,
i.e., the QDL surface is almost an equipotential one. This
property is only satisfied when (0, r), ¢(0,r), and H;(0,r)
are constant at the throat and uy; < ;. In this case, ¢ =
const surfaces are constant surfaces for o(z,r) and M(z,r)
too, and consequently, the QDL matches them as well.
Notice that the curvature of the QDL is similar in simula-
tions T4 and T8.

In addition, the shape of the initial plasma density pro-
file given by Eq. (11) is propagated along equipotential
surfaces, so that plasma density is the magnitude changing
most along the QDL surface [indeed decreasing three orders
of magnitude from the center to the edge for the initial condi-
tions used here, Eq. (11)]. Figure 2 presents the evolution of
plasma density in the magnetic nozzle and shows that a
decrease in density takes place across the QDL in simula-
tions T4 and T8. The strong difference between ¢ = const
and n = const surfaces in these simulations is also found
experimentally (cf. Figs. 8(a) and 9 of Ref. 10). The pressure
gradient in the 1, direction, linked to the density profile, is
balanced by the magnetic force on the azimuthal electron
current and the electric force, Eq. (8). -

Figure 3 displays the local angle EB formed between E
and B. The ambipolar electric field, self-adjusted by the
plasma, guarantees quasineutrality in the whole plasma do-
main, by taking the correct magnitude and direction to steer

T4 T8

FIG. 1. Map of the intensity of the non-dimensional electric field E = ¢ER /T, for simulations T0, T4, and T8. Contours show isopotentials of (/) =ep/T., and
E streamlines (orthogonal to the former). The separation between each two successive r}S lines is A(,b = 2. Thin dashed lines show the direction of the magnetic
field. Thick dashed lines represent the QDL location in simulations T4 and T8. The evolution of ¢, E,and M along the axis (r=0) is depicted in the panels on

top for each simulation.
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FIG. 2. Maps of n/ng in simulations TO, T4, and T8. Thick dashed lines represent the QDL location. Density decreases one order of magnitude between each

two consecutive lines.
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FIG. 3. Detail of the local EB angle in the nozzle (in deg) for different simulations. Dashed lines represent the QDL location.

the ion trajectories as required. In the 1ET plasma of simula-
tion TO, equipotential surfaces are curved as a consequence
of nozzle divergence and the need of a perpendicular electric
field to radially expand the ions. This perpendicular field—
and EB — increases from the axis towards the beam edge,
where the highest ion deflection is demanded. Cases T4 and
T8 of Fig. 3 show that the formation of a QDL implies a
strong change of the electric field direction around and
downstream of the QDL. The electric field becomes almost
parallel with the magnetic field at and after the QDL, but still
imparts a large radial acceleration to ions as a consequence
of the curvature of the layer. The small negative values of
EB that can occur downstream of the QDL suggest that ions
can leave the layer with an excess of outwards velocity that
the ambipolar electric field needs to accommodate
downstream.

B. Influence of magnetic strength and divergence

For nearly unmagnetized ions, as in simulations TO or T4,
the perpendicular electric field satisfies £ ~ m;ii? /(eR;), with
R; the meridian curvature radius of the ion streamtube. For
higher magnetization cases, i.e., Q> 1, E| is lower since
part of this ion deflection task is taken by the magnetic force on
ions, jg;B. Therefore, assuming R; ~ R, > O(R) as general
estimates, we have E; < O(MiT,/(eR)). The effect of
increasing B is illustrated here with simulation S (Fig. 4). The
enhanced magnetic field of simulation S decreases the required
E, for ion expansion, while E I remains basically/\unaffected
(cf. simulation T4 in Fig. 1). Consequently, the EB angle is
notably decreased with respect to T4 (as can be observed
in Fig. 3) and the equipotential surfaces become almost perpen-
dicular to B. Since the QDL closely matches the local

S

FIG. 4. Electric field and QDL position
(thick line) of simulations S and D (for
small and large nozzle divergence). The
horizontal and vertical scales of both
figures are the same, in ratio 1:1. The
description of lines is as in Fig. 1.
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FIG. 5. Angle LB (in deg) formed by the QDL surface normal and the mag-
netic field, in simulations T4, S, D, P, and C. s/sy is the normalized arc
length along the meridional projection of the QDL, running from the axis to
the plasma border V.

equipotential surfaces when «(0,r) = const, the curvature of
the resulting QDL is lower in simulation S. This is in agreement
with the observed tendency in the experiments of Hairapetian
et al® for increasing values of B. This effect is more apparent
in Fig. 5, where the angle LB between the QDL surface normal
and the local magnetic field of the different simulations has
been plotted. From these results, it is easy to infer that the par-
tial ion magnetization case will be contained within the no-
magnetization limit (which is practically T4) and the full-
magnetization one (where LB ~ 0 as E; — 0 and V¢ || B).
[This will not be necessarily true for the more intricate cases
with a(0, ) # const described in Sec. IV C.]

The divergence rate of the magnetic field can have simi-
lar effects on the curvature of the QDL. By roughly halving
the value of R, in simulation D (more diverging nozzle), a
larger E| is generated in the plasma beam, which results in
more curved equipotentials and hence a more curved QDL,
as can be appreciated in Fig. 4, and also in a larger LB angle
(Fig. 5).

In conclusion, the strength and curvature of the mag-
netic field can alter the convexity of the QDL, as the neces-
sary E; for the ion expansion changes, but it must be
emphasized that they have no direct influence on the forma-
tion of the QDL itself nor the magnitude of the potential
jump across it, which depend only on the distribution of hot
and cold electrons.

To this respect, Singh' suggests that when B is increased
the “full development of the ion cyclotron motion” can have
a relevant role in the curvature of the plasma column and, in
particular, in the sign of £, (changing from £, >0to E; <0

Phys. Plasmas 20, 023502 (2013)

as ions gyrate outwards). This phenomenon is not found in
our model, where the supersonic ions, advancing in a diverg-
ing magnetic field, do not establish any distinguishable cyclo-
tron motion in the range of magnetizations studied, and in
any case, their tendency is to separate inwards from the mag-
netic tubes due to inertia.”’ Moreover, since the ion Larmor
radius is ¢; o< 1 /B, any effect proportional to ¢; should dimin-
ish when increasing B.

Also, it has been claimed that an “abruptly divergent”
magnetic field is relevant for DL formation,' even in the
case of a simple 1ET plasma.*' In the frame of our model, an
“abrupt” nozzle would correspond to a magnetic curvature
radius R, satisfying /p < R, < R, which would lead to
T,/(ep) > E, > T,/(eR). Two observations are pertinent
here. First, as commented in Sec. II, in the absence of other
mechanisms, there is no DL formation in 1ET plasmas,s’32
just a natural steepening of characteristic length R,. Second,
abrupt divergence seems highly undesirable for the main
purpose of a magnetic nozzle, that is, to efficiently channel
and expand the plasma beam emitted by the plasma source,
with minimal plume divergence.

C. Influence of the hot electron injection zone

In a real device, the radial profiles of low- and high-
energy electrons at the source exit (or the nozzle throat) are
likely not the same, and will depend on the particularities of
the plasma source. The effects and main tendencies to be
expected when o(0, ) # const are explored here with simu-
lations P and C. In both of them and to facilitate comparison,
the radially averaged value of «(0,r) is chosen to coincide
with simulation T4 (%o = 4%) but a sinusoidal radial de-
pendence has been added. Specifically, we take

(0, 7) o [2 % cos(nr/R)], (13)

with + sign for C and lower — sign for P. Thus, the sequence
of simulations P — T4 — C corresponds to progressively
displacing the hot electron injection from the periphery to
the center of the beam.

Notice that, for «(0,r) # const, the sound speed, Eq.
(9), varies radially at the throat. In order to maintain superso-
nicity and lacking a detailed description of the velocity pro-
file at the throat, we have opted here to keep
M(0,r) = 1.01 = const, thus letting u.;(0,r) # const in Eq.
(11). The electron response in the simulations shown here is

Distribution A: Approved for public

FIG. 6. Detail of the QDL shape of sim-
ulations P, T4, and C. The background
color shows the intensity of the non-
dimensional electric field £ = eER/T..
The description of lines is analogous as
that of Fig. 1.
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P

FIG. 7. Effect of the QDL (thick dashed
line) on the ion streamtubes (solid) in
simulations P and C. The corresponding
magnetic lines are plotted for reference
(dashed).

the particularization fo each magnetic streamtube of the elec-
tron behavior in the 1D model, i.e., the functions n.(¢, ),
np(¢, ), and cs(p, ) on each magnetic tube  are univo-
cally defined given the hot-electron fraction of that tube at
the throat. Notice that now M is fully dependent on (z, ) and
not a function of ¢ as before, therefore the QDL does not
coincide with any equipotential surface.

A detailed map of the electric potential around the QDL
of simulations P, T4, and C is plotted on Fig. 6. On each
magnetic tube, higher hot-electron fractions at injection
cause the QDL to take place earlier in the expansion, as in
the 1D model. Hence, when the injection of hot electrons
moves from the periphery towards the center, the curvature
of the QDL decreases. Interestingly, the QDL surface is
nearly planar in simulation C, and it actually forms a nega-

tive LB angle with the local B, illustrated in Fig. 5, revealing
the strong influence of the function «(0,r) on the curvature
of the layer. It can also be observed that the region of strong-
est E takes place near the axis for simulation P, while it is
located at the periphery in simulation C.

It was already commented that the QDL curvature
affects the trajectory of ions, modifying their direction down-
stream. This effect is clearly more pronounced when
a(0,r) # const. Figure 7, which displays selected ion
streamtubes and their relative position with respect to their
reference magnetic streamtubes, shows a remarkable feature
of simulations P and C: the more planar QDL of simulation
C causes ion streamtubes to deflect inwards around the layer,
thus reducing their divergence angle. On the contrary, the
strongly curved QDL of simulation P causes ion streamtubes
to diverge faster than the magnetic field. These alterations
extend into a limited region downstream of the QDL, mean-
ing that its influence is of local character: indeed, after
crossing the QDL (and because ions are not sufficiently
magnetized downstream), the divergence of ion streamlines

soon decreases and eventually becomes lower than that of
the local magnetic field again, resembling that of a 1ET
plasma (see, for instance, Fig. 1 of Ref. 42).

The shape and position of the steepening can have a
strong influence on the map of ¢ downstream of the QDL,
where the extraordinary deflection of the ion flow by the
layer needs to be corrected and can lead to E; <0 (i.e.,

EB < 0), as illustrated by simulation P in Fig. 6. The possi-
bility of formation of potential barriers and/or shock waves
(in an otherwise shock-free flow) as a result of this should be
considered. At any rate, it is clear that the structures gener-
ated by general 2ET plasmas can result in much more com-
plex electric fields and plasma flows.

V. EFFECT OF THE QDL ON PROPULSIVE
PERFORMANCES

In application to magnetic nozzles of space plasma
thrusters, it is interesting to discuss the effects of the 2D
QDL on the propulsive figures of the plasma beam. The
main purpose of a magnetic nozzle stage in a plasma thruster
is to increase thrust,>*

F = +/2nP,m, (14)

where 7 is the thrust efficiency, P, the applied power, and m
the mass flow rate. For a given P, and 1, the efficiency # lim-
its the maximum value of F and is a function of the multiple,
interconnected phenomena taking place in the thruster, such
as plasma ionization, radiation, plasma-wall interaction, and
plume expansion and divergence in the magnetic nozzle. The
nozzle model presented here does not allow the study of the
total thrust efficiency of a given thruster, which requires to
match it with the model of the plasma source.*’ However, it
permits to assess the influence of the plume divergence on #.

T8
FIG. 8. Plume efficiency 1, (z) (left)

T4 and magnetic thrust fraction F,,(z)/F(z)
(right) for different simulations. The ref-
erence 1ET plasma of simulation TO has
been plotted as a thick line. The graphs
of F(z)/F(z) for simulations P and C
are almost indistinguishable from that of
simulation T4, and have not been

100% 80%
C —
g o 60%
R 95%
— T8 ~
S = 40%
3 T4 5
é 90% [f 20%
P
0 2 4 6 8 10 0%0
z/R

plotted.
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This can be quantified with the plume efficiency function,
Nptume (2), defined in Ref. 29 as the ratio of ion axial-to-total
energy fluxes at z = const sections, i.e.,

nplume(z) = Pil(z)/Pi(Z)' (15)

The plume efficiency is an intrinsically 2D effect, non recov-
erable by 1D models. This factor is of utmost importance not
only for its contribution to # but also since it can ultimately
characterizes the plume divergence angle and the plasma
detachment losses.** Figure 8 (left) compares the plume effi-
ciency function of the different 2ET plasmas of Table I. The
visible non-monotonicity of the curves for 2ET plasmas is
due to the fact that 1,,,,(z) is being evaluated on z = const
sections, while the QDL is a curved surface. This causes the
peripheral part of the QDL to affect the plasma first (i.e., at
lower values of z). In the beam periphery, a large radial
acceleration is exerted on ions, which explains the local drop
of 1yme (2). When the central part of the QDL is crossed, the
strong axial acceleration imparted to the ions in this region
raises 1], (z) again. Therefore, comparison with 1ET plas-
mas makes full sense only far downstream of the QDL.

Interestingly, in simulation C, where most of the hot
electrons are located about the magnetic nozzle axis and the
QDL is more planar, a local increase of 1,,,,,,(z) is observed,
which is due to the larger axial acceleration imparted by the
QDL in this case. On the other hand, simulation P, with pe-
ripheral hot electrons and a more curved QDL, shows the
largest local decrease of 1, (z). This particular local
behavior of simulations C and P can be explained by the
deflection of ion streamtubes that was depicted in Fig. 7. All
simulations except C show a slightly worse efficiency than
TO after the QDL. In spite of the pronounced local extrema
in #,,me(2) caused by the presence of the QDL, simulations
of 2ET plasmas deviate from the reference TO only in the vi-
cinity of the layer. Downstream of the steepening, most of
the plume efficiency of the 1ET plasma is recovered, indicat-
ing that the divergence of ion streamlines gradually returns
back to that of TO, and further downstream the effect of the
QDL on #,,/,,(z) becomes marginal. This suggests that the
presence of a QDL has little incidence on the final plume
efficiency.

In regard to these results, it is important to acknowledge
that some of the simplifications of the current model might
be responsible of an overly optimistic downstream value of
Nptume(2)- In particular, a more realistic description of the
electron velocity distribution function could modify the evo-
lution of the hot population downstream of the QDL, possi-
bly reducing the depicted recovery of 1, (2)-

The main parameter characterizing the usefulness of the
magnetic nozzle stage in a plasma thruster is its contribution
to the total thrust of the device. In an electromagnetic plasma
thruster, there are two contributions to thrust: the pressure
thrust, F,, due to the plasma axial pressure on the source
walls, and the magnetic thrust, F,,, caused by the magnetic
axial force that plasma electric currents (mainly in the nozzle
stage) induce on the thruster magnetic circuit.”” The pressure
thrust can be assimilated to the plasma momentum flow at
the nozzle throat (z = 0),

Phys. Plasmas 20, 023502 (2013)

R
F, = ZHJ rdr(nm,-ufl- + Tpnp + Tene), (16)
0

whereas, by virtue of the action-reaction principle, the mag-
netic thrust function at section z = const, F',(z), is defined as
the integral of the axial magnetic force density exerted on
the plasma in the nozzle volume V(z) comprised between the
throat, the beam-vacuum edge, and z = const. For By = 0,
that force is

F(z) = fJ. JjoB,dV. (17)
Vv

Electrons provide the main contribution to jy (Ref. 29). A
simple estimate shows that hot electrons have higher azi-
muthal velocity than cold electrons, but the respective cur-
rent density, Eq. (8), depends on the density of each species.
As such, the contribution of an elemental plasma volume to
magnetic thrust depends on the local B, n,, and n...

In order to assess the magnetic thrust, the function
Knoz(z) = Fiu(z)/F, was computed in Ref. 30 for a 2D, 1ET
plasma; the same magnitude was discussed in Ref. 31 for a
1D, 2ET plasma. Defining F(z) = F), + F,(z) as the total
thrust function along the nozzle, Fig. 8 (right) plots the axial
evolution of the relative magnetic contribution
Fm(z) = Knoz(z) 7 (18)
F(z) 14 Kn:(2)

which is found to be a better self-explaining magnitude to
understand the propulsive performance of the device, since
F(z) is governed by the absorbed power and mass flow rate
as expressed by Eq. (14). The curves of Fig. 8 show that the
presence of hot electrons can substantially increase the mag-
netic thrust fraction. Interestingly, the QDL presence and its
curvature are marginal for the value of F,,(z)/F(z), which is
only dependent on 7t and (. Contrary to the behavior of
Nptume (2), 1O local change of F,,(z)/F(z) is observed across
the QDL in Fig. 8. Moreover, simulations T4, P, and C are
indistinguishable from each other as they have the same
magnetic nozzle and the same value of a(. This serves as a
“two-dimensional” refutation that the thrust mechanism
associated with the presence of a DL is non-existent.

When the upstream hot-electron fraction is small (which
is the case of highest practical interest), plasma dynamics
upstream from the QDL are dominated by (more abundant)
cold electrons, whereas downstream from the QDL, hot elec-
trons dominate the expansion. This means that pressure
thrust is settled mainly by the cold electron population, while
the magnetic thrust function tends to be dominated by cold
and hot electrons upstream and downstream of the QDL,
respectively. As o increases, the QDL moves upstream and
the hot electron contributions to F,, and F, increase. As a
result, there is a value of %, that maximizes the downstream
value of the fraction F,,/F, as can be inferred from Fig. 8.

An important remark, pointed out by Ahedo”' and worth
emphasizing here again, is that the increase of the magnetic
thrust fraction (in 2ET plasmas with QDLs) cannot be inter-
preted neither as a net increment of thrust nor as an
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enhancement of thruster performance. Equation (14) shows
very clearly that F o« +/P,m, and the only magnitude that
can actually improve the thruster operation is the thrust effi-
ciency 7. Here, we have found that #,,,,, (one of the partial
efficiencies determining 7) is not affected substantially by a
2ET plasma and its associated QDL. On the contrary, Mplume
depends on the magnetic field intensity and divergence.

VI. CONCLUSIONS

A 2D model of the expansion of a two-electron-tempera-
ture (2ET) plasma in a divergent magnetic field has allowed
us to study the formation, position, and 2D shape of a
current-free quasi double layer (QDL). The characteristics of
these structures have been investigated in terms of (1) the
relative fraction of hot electrons, (2) their radial distribution
when injected at the nozzle throat, and (3) the geometry and
intensity of the applied magnetic field. Since the model
developed here is fully quasineutral, the transition from the
quasineutral QDL to a non-neutral DL cannot be completed,
but it had been previously shown that both structures are the
same with just different levels of non-neutrality.

Axial properties of 2ET-QDLs are in accordance with
those already analyzed in 1D models. The model yields the
curved 2D shape of the QDL, which agrees qualitatively
with related experiments on 2ET plasmas. The QDL curva-
ture is found to be mainly the consequence of two features:
first, the natural curvature of the electric equipotential lines
in a divergent magnetic field, already known for 1ET plas-
mas; and second, the radial distribution at injection of the
high-energy electron population. The curvature of the QDL
increases the higher the divergence of the magnetic nozzle,
the lower the magnetic strength, and the more peripherally
hot electrons are injected. The DL curvature modifies the
ambipolar electric field and ion trajectories downstream,
which can be made to diverge locally faster or slower than
the magnetic field depending on the radial acceleration
imparted by the large electric field at the layer.

For propulsive applications, it is confirmed that a 2ET-
QDL has a zero effect on thrust. The novel result is that the
final plume divergence, far downstream from the QDL, is
almost unaffected by its presence and shape. Therefore, no
propulsive role of the current-free double layer (CFDL) has
been identified yet. To this respect, the only interesting fea-
ture we have found (which could merit further consideration)
is that the magnetic-to-pressure contribution becomes maxi-
mum for a certain (small) fraction of hot electrons.

As stated in the Introduction, the subject of the present
study has been exclusively the formation of a CFDL in the 2D
expansion of a fully ionized, collisionless, 2ET plasma. This
2D analysis is of interest for the interpretation of the labora-
tory experiments of Hairapetian and Stenzel and presumably
for the operation of a helicon plasma thruster in space. Exist-
ing research on the polar wind suggests that the structures
developing in auroral plasmas can resemble the 2ET-CFDLs
studied here,® although multiple DL structures may form at
different altitudes” *® and essential differences such as current
across the layer and the effect of the gravitational potential
can affect the upward plasma expansion along the polar mag-

Phys. Plasmas 20, 023502 (2013)

netic cusp. On the contrary we cannot assure that the central
aspects of our analysis are relevant for understanding the
more complex HPD-CFDL, at least until it is clarified whether
the presence of two distinguished populations of positive ions
is the main instrument for the formation of such DLs.
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Helicon thruster plasma modeling: two-dimensional fluiddynamics and propulsive

performances
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Spain

An axisymmetric macroscopic model of the magnetized plasma flow inside the
helicon thruster chamber is derived, assuming that the power absorbed from the
helicon antenna emission is known. Ionization, confinement, subsonic flows, and
production efficiency are discussed in terms of design and operation parameters.
Analytical solutions and simple scaling laws for ideal plasma conditions are ob-
tained. The chamber model is then matched with a model of the external magnetic
nozzle in order to characterize the whole plasma flow and assess thruster perfor-
mances. Thermal, electric, and magnetic contributions to thrust are evaluated.
The energy balance provides the power conversion between ions and electrons in
chamber and nozzle, and the power distribution among beam power, ionization
losses, and wall losses. Thruster efficiency is assessed and main causes of inef-
ficiency are identified. The thermodynamic behavior of the collisionless electron
population in the nozzle is acknowledged to be poorly known and crucial for a

complete plasma expansion and good thrust efficiency.
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I. INTRODUCTION

The helicon plasma thruster(HPT) is an innovative technology for space propulsion,
which, at present, is being researched extensively' 7. The device is constituted of a helicon
source, where the plasma is generated and heated, and an external divergent magnetic
nozzle, where the plasma is accelerated. The physical elements of a HPT are: a cylindrical
dielectric chamber; a gas injection system, usually at the back of the chamber; an external
antenna wrapped around the chamber emitting rf waves, typically in the range 1-26 MHz,
which propagate within the plasma; and a set of magnetic coils (or permanent magnets)
that creates a longitudinal magnetic field, typically in the range 10? to 10® Gauss. In the
‘conventional’” design, the magnetic field is predominantly axial inside the chamber and
divergent outside it, and has several roles. First, it makes the plasma column transparent
to the propagation of the rf emission as helicon waves. Second, the magnetic field screens
the chamber walls, thus reducing greatly plasma losses at them®. Third, outside the
chamber, the divergent magnetic topology creates a magnetic nozzle that channels the
supersonic plasma flow, transforming the plasma internal energy into axially-directed one,

in a process very similar to the expansion of a hot gas in a conventional solid nozzle®!°.

The typical operation range of helicon sources is™ wy, € w < wee K Wpe, With wyy, the
lower-hybrid frequency, w the wave frequency, w. the electron cyclotron frequency, and
wpe the plasma frequency. Helicon waves pertain to the branch of whistler waves; in a cold,
unbounded plasma, no other waves can propagate in that frequency range!?. Although a
unique theory for the absorption of the energy of helicon waves is not fully established yet,
the collisional theory, for dense enough plasmas, states that absorption is achieved through
the mediation of Trivelpiece-Gould surface waves, which are highly dissipative!’"'3. The
advantage of helicon sources over other rf sources (such as inductively-coupled ones) is
that, adjusting conveniently the magnetic intensity (w.. o< B), there is not a severe cut-off

of plasma density for wave propagation, and values of 10'® — 10*°m~2 are achievable!4.

Other potential advantages of the HPT for space propulsion would be: the lack of
electrodes, thus avoiding erosion limitations and promising a long thruster lifetime; the
capability of operating with a wide range of propellants®!®; and high throttlability, based
on the capability of actuating, at constant power, on both the gas flow and the magnetic

nozzle'®. However, existing HPT prototypes are still far from achieving propulsive figures
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capable of competing with other mature plasma thrusters. For instance, thrust efficiency
is below 5% in the few cases were it has been measured directly'” 1%, In this context, the
understanding of the multiple physical processes taking place in the HPT, the interplay
among them, and the assessment of HPT performances are much needed.

A complete model of the HPT must deal with both the plasma-wave interaction and
the fluid-dynamics of the plasma discharge. The two processes, although strongly coupled,
require well differentiated models. This paper deals exclusively with the fluid-dynamics
problem and assumes that the plasma column has absorbed a known amount of rf energy
in the form of electron energy. In turn, the analysis of the plasma flow distinguishes
between the chamber/internal and the nozzle/external regions. An axisymmetric model
for the external region was already derived in Ref. 10 and was applied to discuss the
2D supersonic plasma expansion, the development of electric currents in the plasma,
and the magnetic thrust mechanism. Posterior work on the nozzle region has advanced

20722 and the formation of double-layer type of

on the plasma/nozzle detachment issue
structures® 2. The present paper has two main goals: first, to develop an axisymmetric
model of plasma fluid-dynamics inside the chamber, and second, to match it to the nozzle
model in order to evaluate HPT performances in terms of thrust, useful energy, and thrust
efficiency.

The first part of the paper derives the axisymmetric model of the chamber and an-
alyzes plasma generation, heating, wall interaction, and internal flows. The model is
based on decoupling partially the radial and axial dynamics through an approximate
variable-separation technique, already applied successfully to the plasma discharge in a
Hall thruster?®; the main coupling parameter between axial and radial dynamics is the
local wall-recombination frequency. Fruchtman et al.?” were the first to apply the variable-
separation technique to the 2D study of the plasma flow inside the chamber of a HPT.
Our chamber model recovers, of course, part of theirs but, at the same time, completes or
modifies the following central aspects of theirs: (a) the neutral density is taken constant
[in a subsequent paper, Fruchtman®® discussed neutral depletion within a 1D chamber
model, still ignoring plasma recombination at the chamber wall], (b) radial plasma dy-
namics are purely diffusive; (c) ion dynamics are dominated by collisionality; and (d) a
closed energy balance within the chamber is attained by assuming an adiabatic electron

energy flow at the chamber exit.
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Thus, central to our model will be to include the 2D depletion of the injected gas flow,
which is governed by the competition between plasma volumetric-production and wall-
recombination, the amount of this last one depending mainly on the magnetic screening
of the walls. Then, the radial dynamics will show the formation of a quasineutral inertial
region between the bulk diffusion region and the lateral Debye sheath, with effects on
the lateral deposition of energy. With respect to the ion dynamics and for typical helicon
source conditions, ions will be found to be both weakly collisional and weakly magnetized,
and their free motion will be governed by the 2D ambipolar electric field. Finally, it will
shown that, in general, the energy balance on the magnetized electron population requires
to take into account both the internal and external dynamics.

Apart from deriving the chamber model and computing exact solutions, our study of
the chamber region offers two additional contributions. First, asymptotic regimes of the
radial and axial dynamics are presented. These are highly valuable, since they provide
both the clearest insight of the relevant internal physics and useful scaling laws relating the
plasma response to operational and design parameters. Second, a parametric investigation
is carried out, aiming at determining the way to maximize plasma production efficiency.

The second part of the paper is devoted to evaluate thruster performances. This
requires first to match the 2D chamber model to the 2D magnetic-nozzle model of Ref. 10.
Both models have been developed independently and involve assumptions and techniques
suitable to the respective plasma conditions. This is going to produce a small mismatching
of the internal and external solutions at the vicinity of the mutual interface (i.e. around
the chamber exit) with marginal effect on the consistency of results and conclusions.

Thruster performances will be analyzed in terms of both thrust (i.e. plasma momen-
tum) and energy. The different contributions to thrust are evaluated. Partial efficiencies
will be defined in order to assess the relevance of the different physical processes (such as
ionization, wall losses, plume divergence, etcetera) on the thrust efficiency. The electron
energy behavior will be shown to be central for the plasma behavior in the nozzle and the
thrust efficiency.

The rest of the paper is organized as follows. Section II presents the 2D chamber
model. Section III discusses the plasma response inside the chamber. Section IV matches
the chamber and nozzle models and discusses the different contributions to thrust. Section

V presents the energy balance and discusses thrust efficiency. Section VI is for conclusions.
4
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II. FORMULATION OF THE CHAMBER MODEL

Figure 1 sketches the HPT, with the chamber and nozzle regions and an example of
magnetic topology created by a Maxwell 3-coil arrangement. The magnetic field is near
axial inside the chamber (to the left of the third coil), and divergent at the nozzle. The
rectangle symbolizes the elongated cylindrical chamber of radius R and length L. Let A,
W, and E be the chamber back-wall, lateral, and front-exit, respectively. The magnetic
field inside the chamber is approximated as purely axial and constant, B = B1,.

A mass flow 7 of neutral gas is injected at the cylinder back-wall (where we set
z4 = —L) and is ionized by impact of electrons. In steady-state operation, we assume
that electrons have been energized by the rf emission, acquiring a steady-state, uniform
temperature T.. The resulting plasma is constituted of singly-charged ion, electrons, and
neutrals (subscripts i, e, and n, respectively). Plasma density is, on the one side, high
enough for assuming the zero-Debye-length limit and, on the other side, low enough for
assuming the zero-beta limit and thus neglect the induced magnetic field??. Thereby, the
plasma is quasineutral with n = n. = n; except in Debye sheaths around the chamber
walls, which constitute surface discontinuities in the quasineutral scale. Thus, the sonic
Bohm criterion applies to the perpendicular flow at the edges B and Q of the back and
lateral sheath, respectively (Fig. 1). The perpendicular flow is also assumed sonic at the
chamber exit section E (where we set zp = 0).

Continuity and momentum equations for each species (j = i,e,n) are

V- (neue) =V - (nju;) = =V - (nyuy) = neng Rion, (1)

V- (mynjuu;) = =Vp;+ ¢;n;(=Vo +u; x B) = S, (2)

where: m; is particle mass and g; is electric charge (with ¢. = —e for electrons); u;
is macroscopic velocity, n; is density and p; = Tjn; is pressure; ¢ is the ambipolar

electric potential, and S; groups different collisional processes on each species. These
include ionization and elastic electron-neutral, electron-ion, and ion-neutral collisions,
with subindexes ion, en, ei, and in, respectively. Collisional rates for these processes, Ry
(k =ion, en,ei,in), are defined in the Appendix A and plotted in Fig. 2 in terms of T..
According to the analyses of Refs. 8, 26, and 27, and for a chamber with L > R, the

following assumptions and conventions are adopted for the model:
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1. Axial symmetry: 9/060 = 0.

2. Neutrals are assumed cold, with u,, = u,1,, and their density and velocity depend
only on z. (These simplifications are well justified for a magnetized plasma with

small wall recombination.)
3. Ton pressure is much smaller than electron pressure.

4. The plasma current j satisfies the longitudinal ambipolarity condition 3 — 1479 = O,
yielding u,; = u.. = u, and u,; = u,. = u,. (This is rather plausible for an elongated

dielectric chamber and the nozzle model considered later.)

5. Plasma density is expressed as
n(z,r) =n,(2)n.(z,r),

with (2/R?) fOR rng(z,r)dr =1 for all z.

6. The electric potential is split as
¢(z,1) = ¢=(2) + dr(z,7),

with ¢,.(2z,0) = 0 for all 2.

7. ug; < uge = ug, so that magnetic effects of ions are negligible.

8. Longitudinal electron-inertia is negligible, but azimuthal electron-inertia (due to uy)

is retained.
9. Spatial gradients satisfy the following orderings,
on, )0z < On,./0r, 0¢,/0z K I, /0r,
O(uy,ug)/0z < O(ur, ug)/0r, Ou,/Or <K Ju,/0xz.

These assumptions reduce the 2D model into axial and radial models coupled mainly

through the wall recombination function

Sw(z) = n.vu(2),
6
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where the frequency 1, (z) is an eigenfunction to be determined. Then, the axially-

dependent equations are

Nz Uz + NyplUn = Yo, (3)
& (nes) = e (R — ) )
0 = AT (Rin i) (0= ), )
un% = —n, | Rip (un — u,) + Z—:un(l — )|, (6)
e%(iz - Tealgznz' (")

Here: ¢, = \/T./m; is the sound velocity, go = m/(m;wR?) is the (constant) axial flux of
heavy species (i.e. ions and neutrals), and «,,u, is an effective axial velocity of neutrals
created from plasma recombination at the lateral wall.

The radially-dependent equations are®

10
ror (rnyuy) = 1y, (8)
ou, ,0lnn, eB Me ug
r = — - - = — Iin R'm Rion T 9
Y 87" 5 87‘ miu9+mir " ( + )U ()
Qg B (R + Rion) + 1] 1 — 22 (10)
Up—F— = —Up — [Ny, en ion el - s
or Me o r
0o, dlnn, u3
=T Bug — m.—. 11
e =T— =+ eBuy —m.— (11)

Therefore, the axial model determines the set (n,,n,,u., u,, ¢.), which depends only on
z, while the radial model yields, at each z, the set (n,,u,, ug, ¢.). Notice that equations

for ¢, and ¢, are decoupled from the rest.

A. The radial model

The radial model is discussed in detail in Ref. 8. Dimensionless variables are r/R,
n./n.(2,0), ed,/Te, u,/cs, and ug/ce, with ¢, = /T./m,. used for non-dimensionalizing

ug instead of ¢,. Boundary conditions at r = 0 are
up = up = In[n, /n,(2,0)] = ¢, = 0.

The extra condition w, = ¢5 at r = R (i.e. the Bohm criterion at the sheath edge)

determines the eigenvalue v,,(z) in the functional form
7
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Dy ~ Wih Vion Ven Veio
= Vy ) ; ) ( 1 2)
Wy wr Wy Wy Wy

with w, = ¢;/R (the radial-transit frequency), wy, = eB/\/Memi, Veio = (Rein)r=0, Ven =
Renny,, and vy, = Rionny; ion-neutral collisions are negligible in the regimes of interest
here.

Reference 8 showed that the main magnetized regime corresponds to
Win > Ven + Vei + Vion + Vin Z O(wr)-

Notice that the magnetized plasma condition w,/wy, < 1 is equivalent to f./R < 1,
with /. the electron Larmor radius. In the magnetized regime the radial structure of
the plasma column consists of a bulk diffusive region, a thin inertial layer (quasineutral
and collisionless), and the thinner Debye sheath. For v, = v, + Ve; + Vion, = const: the

asymptotic universal solution for the bulk region is*

n.(z,r) — 7 < 7’) Uur Vew, Jp (agr/R) Up Uy Wi

- - = 13
n.(z,0) “g Cs 0 wi Jo(agr/R) ce s v (13)

the inertial layer covers the range u,/cs ~ ve/wy, to u,./cs = 1; and the plasma balance

condition, Eq. (12), reduces asymptotically to
_Tyeu (14)

with ag ~ 2.405, the first-zero of the Bessel function of the first kind Jj.

B. The axial model

After some manipulation, the set of Eqgs. (3)-(7) yields

(Ci - ug)aauz - (uz - un)uznn(Rm + Rion) + Cz(nnRion - l/w), (15)
z
(Ci - ug)aanz = N, [uz (nnRion - Vw) - (uz - un) np (Rm + Rian)] ) (16)
y4
ou,,
Ml —— =Tz [Unvy ( — 1) + (uy — up) np Rin] - (17)
¥4

Boundary conditions for these equations are imposed at the back-wall sheath edge B and

the front exit E:

90 kIIOWH, UnB = Uno, Uz = —Cs, Uzp = Cs.
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Non-dimensionalization with cg, go, and L yields that the axial solution depends on the

following dimensionless parameters
L/L*, Rm,s/Rion, Uno/C& Ay,
plus the eigenfunction v, /(n, R;.,). Here
Ly = ¢s/(Rionnno)

is an effective ionization mean-free-path, quotient of the scaled ionization cross section
Rion/cs (which depends only on T,), and the neutral density 1,0 = go/tno-

For thruster efficient operation, T, and B are large enough to have
Vw/(nnRion> < 1; Rin,s/Rion < unO/CS < 17
and (for v, = 1) the axial plasma flow admits the ideal (or perfect confinement) solution

Up = Uno, %:tanf, nﬁ:277ucos2§, ﬁzl—nusin%, (18)

S 0 n0

dg’, (19)

z+L_/£ 1 —tan?¢’
Lo ) pal—n,sin2g

where nyg = go/cs is a plasma reference density, £ is an auxiliary variable, and 1, = ng/ng
coincides with the propellant utilization. Setting z = 0 at £ = 7/4 in Eq. (19) yields
implicitly the relation n,(L/L,):
L _ / " 1 tan’e (20)
L, —aja L= My sin 28
Although the functions in Eq. (18) are symmetric with respect to &, the function z(§) is
not symmetric, the point £ = 0 (where u,; = 0 and n is maximum) being shifted towards

the chamber rear wall.

IIT. PLASMA RESPONSE INSIDE THE CHAMBER

This section discusses the 2D spatial solution and the resulting performances of the
plasma inside the chamber, in terms of the three main operation parameters: the magnetic
field B, the gas flow i, and the plasma temperature 7, (which will be later related to

the absorbed power P,). Although the discussion can be done in terms of dimensionless
9
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parameters, for sake of clarity we have opted for presenting dimensional results. Thus, we
consider a cylindrical chamber with R = lem and L = 10cm, operating nominally with
xenon, B = 600G, m = 0.1mg/s, and T, = 10eV. We also take a,, = 1 and u,o/cs = 0.07.
For these conditions the typical values of dimensionless parameters are wy,/w, = 80,

Ven/wr ~ 10, VeiJwy ~ 3, Vi /Ny Rion ~ 0.2, Rip s/ Rion, = 0.04, and L/L, = 3.7.

A. 2D plasma profiles

Figure 3 plots profiles of main axial magnitudes for two magnetic intensities, 200G and
600G, and compare them with the ideal axial solution of Eqs. (18)-(19). Fig. 4 plots
profiles of two radial magnitudes at the chamber rear wall (z = —L) and front exit (z = 0),
for the same magnetic intensities, and compare them with the ideal radial solution of Eq.
(13).

Figure 3(a) shows how the injected neutral flow is effectively depleted by ionization.
In Fig. 3(b) we observe that the plasma density presents a positive gradient at the back
of the chamber, caused by ionization, and then, a negative gradient, caused by ion accel-
eration. Fig. 3(c) shows the region of backward and forward plasma flow, with u,; = 0
marking also the location of the maximum n.. Observe that the ion back-streaming region
occupies only a small part of the chamber; in contrast, the constant-n,, model of Ref. 27
yields symmetric profiles of axial variables around the chamber mid-section, z = —L/2.
Figure 3(d) plots the effective electron-collision frequency, which decreases by a factor of
8 between the chamber back and front sections, because of the decrease of Ve, (Ven, X 1y,).
As a consequence, the plasma is more magnetized near the chamber exit, which affects
the radial profiles of Fig. 4 and the local wall recombination. In fact, electron collision-
ality is dominated by collisions with neutrals, near the back wall, and with ions, near
the front exit. Figure 3(e) depicts the ratio between wall-recombination and ionization
along the chamber, which defines the net plasma production along the chamber. Wall-
recombination is moderate for 200G and small for 600G, which explains why the ideal
axial solution [dashed line in Figure 3(a)-(c)] is almost indistinguishable from the exact
600G-solution.

The radial profiles plotted in Fig. 4 do not cover the near-axis region r/R < 0.4, where

gradients of u, are very small for high magnetization. The agreement of the exact so-
10
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lution with the ideal radial solution is excellent for B = 600G at the back-wall section.
Otherwise, at the exit section, the dominance in v, of electron-ion collisions, which are
proportional to the local n., make the radial profile more steepened than in the ideal so-
lution. The profiles of w, illustrate how a large magnetic confinement prevents developing
large perpendicular velocities until the very vicinity of the wall. The same is true for the
radial electric field, —e¢, ~ mu?/2, which is negligible outside the thin inertial layer, of

thickness /., preceding the Debye sheath.

Figure 5(a) and (b) plot, for 200G, r — z contour maps of plasma density and velocity
u;. The constant-velocity lines are also good approximations for isopotentials. Plasma
magnetization, even if moderate as here, tend to concentrate the gradients of the plasma
flow around the lateral and rear walls of the chamber. Notice that the radial gradients of
n in the bulk region are sustained not by the tiny radial electric field, but by the radial
magnetic force generated by the azimuthal electron current. At the chamber exit, the

plasma beam is radially-nonuniform and near-sonic.

If magnetic confinement is not large, plasma losses to the lateral wall are not negligible
and the fraction of neutrals created from recombination is significant. These are injected
back into the plasma with a lower energy than the recombined ions (a process known as
accommodation) and not specularly, thus increasing the neutral thermal energy. Within
our model framework, this neutral ‘heating’ cannot be reproduced accurately but still we
can estimate the sensitivity of the solution to the properties of recombined neutrals by
varying the parameter «,, in Eq. (17). Figure 6 compares the solution for three cases:
, = 1, which keeps u, almost constant; «, = 0, which assumes that neutrals from
recombination are injected back with zero energy; and «,, = 2, which assumes that new
neutrals keep some of the ion axial directed energy before recombination. Although the
macroscopic neutral velocity is affected by recombination conditions, the profiles of plasma

density (as well as other magnitudes) remain practically unaffected.
11
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B. Chamber performance parameters

The two main parameters characterizing plasma production in the chamber are the

propellant utilization and the production efficiency, defined, respectively, as

mip mig
= —, = —, 21
& m 77p m;r ( )

where
Mir = Mig + Mia + Myw
is the total ion production rate in the chamber. This production is the sum of the ion

mass flows at the chamber exit E, the back wall A, and the lateral wall W:
L
’I’;”LiE == m,-7rR2csnE miA == T.TLZ‘B == minQCSnB, sz - mZQWR/ dZ(TLU,T)r:R7
0

respectively.

In the perfect confinement limit, the ideal law 7, (L/L,), Eq. (20), plotted in Fig. 7(a),
is indeed the scaling law for the propellant utilization in terms of L, n,o and T,. The
high propellant utilization regime requires L/L, be large; for instance L/L, > 2.5 yields
n. > 95%. Figure 7(b) plots the influence of a non-perfect confinement on 7, for dif-
ferent plasma temperatures. For each T.-curve, its knee separates a low-confinement,
low-ionization regime from the high-ionization regime. As 1 is increased, the curves of
Fig. 7(b) shift towards higher 7, [see Fig. 8 below]. The achievement of high 7, inside
the chamber is mandatory for a plasma thruster to be competitive. Outside the chamber,
the neutral density decreases and thus ionization drop quickly; in addition, downstream-
produced ions acquire lower axial energy than chamber-created ones.

The production efficiency 7, measures the fraction of the produced plasma being ejected
from the chamber and thus contributing efficiently to thrust. In the perfect confinement
case and for a purely axial magnetic field, it would be iy, = 0 and g = g, and the
production efficiency would reach a meagre maximum of only 50%. Figure 7(c) plots the
influence of T, and B on 7,. The qualitative behaviour is similar to the case of 7,, with
the curve knee separating the two regimes, and 7, tending to the limit ~ 50% at high
confinement. The production efficiency increases weakly with T, (due to a decrease of
electron-ion collisionality).

Figure 8(a) and (b) plot parametric curves 1, (B, m) = const and 7,(B, ) = const for

two values of T,. They allow us to determine optimal values of B and m and to assess
12
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the sensitivity of plasma production to these parameters. Notice that a high 7, requires
minimum values of B and . If, additionally, we want to keep 7, close to its maximum
of 50%, the optimal values of B and i are near the knee of the curve n,(B,m) = const,
which is also the region less sensitive to changes on the operational parameters. As T,
increases, the optimal values of B and m decrease. Notice that for B = const and m
increasing, 7, increases but 7, decreases.

Screening of the lateral wall by the axial magnetic field has been shown to make losses
there negligible. At the same time, the lack of magnetic screening at the rear wall penalizes
strongly 7, and thus thruster performances. The penalty is due to the plasma flow to the
rear-wall being similar to the front-exit one and requiring re-ionization. This large loss
would be avoided by screening the back wall too. Magnetic screening of both the rear
and lateral chamber walls is feasible by appropriate design of the magnetic circuit (via
either coils or permanent magnets) but redounds in a 2D magnetic topology, which again
cannot be treated accurately within our model framework. Nonetheless, a quantitative
assessment can be made for the limit of large local screening of the rear wall, by just
assuming that the plasma backflow to that wall is negligible. This implies to impose
the boundary condition u,(—L) = 0 instead of u.(—L) = —c¢,. Figure 9(a) shows that
the maximum density is at the back wall, indicating that the forward-flow region u, > 0
occupies the whole chamber. Since for a non-screened back wall, the back-streaming
region was already short, the global changes on the 2D plasma response are small, but, as
Fig. 9(b) confirms, screening of the rear-wall typically doubles the production efficiency,

which can now approach 100%.

IV. THRUST
A. DMatching chamber and nozzle models

The 2D chamber model can be matched now to the 2D divergent nozzle model of
Ahedo and Merino®'. This model assumes a collisionless, non-subsonic plasma, which fits
well with the plasma exiting the chamber if, as desired, 7, ~ 1 and the plasma is hot (say
T, > 10eV). Still there is a mismatching between the two models, caused by the plasma

flow not fulfilling a regular sonic transition at section E: at present, the chamber model
13
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ends with a singular sonic flow, and the nozzle model starts with a slightly supersonic flow
(typically with a Mach number ~ 1.01). An additional mismatching, caused by the limit
le/R = 0 assumed in the nozzle model, is that the thin inertial layer next to the chamber
lateral wall is neglected in the nozzle, which, in our computations, means a 2-3% loss in
mass flow. In total, we estimate that the two mismatchings yield an error below 5%. The
shape of the wall-less magnetic nozzle, r = Ry (z) with Ry (0) = R, sketched in Fig. 1,
corresponds to the plasma/vacuum edge V. Two-dimensional profiles of the supersonic

plasma expansion are discussed in Ref. 10.

At present, the nozzle model cannot be extended into the far-downstream region be-
cause two important issues, the plasma/nozzle detachment and the vanishing of the elec-
tric field, are not solved fully yet?%22. Thus, in order to close the problem in a reasonable
way, an isolated (metallic) plate, represented by P in Fig. 1, will mark here the end of the
nozzle region. The plate is located at a distance L,, from the chamber exit and collects
the plasma beam (without reinjecting it). Surface D in Fig. 1 is the edge of the Debye
sheath developing in front the plate. Observe that the plate is not merely an artefact,
it could model a material surface for processing®?, a plasma momentum flux sensor for

433,34

indirect thrust measuremen , or the downstream wall of the vacuum chamber.

Both By and i have an important role on chamber performances, as we have shown
before, but they have a minor role on the plasma expansion in the nozzle. Therefore,
in this and the next section, By and m are fixed to their nominal values of 600G and
0.1mg/s, and the discussion of thruster performances is focused on the the influence of T,

and the nozzle length L,,.

B. Thrust contributions

Adding for the three species, the momentum flux equation of the whole plasma is
V-M= e(ne —n;)Vo — enou, X B, (22)

where

M = Ej:mn(mjnjujuj —l—pjf)
14
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is the plasma momentum flux tensor. The axial momentum flow across section z = const
is
Ry ()
F.(2) = 2r / dr rM..(21) (23)
0
with Ry (z) = R inside the chamber.

Physically, the thrust F' is the net backwards force exerted by the whole plasma on

the thruster. This (axial) force is the sum of three different contributions, namely,

F = Fpres - Felec + Fmag~ (24)
Here:

Fpres = FZA - DW7 (25)

is the axial dynamic pressure of the plasma at the chamber walls, with F,4 = F,(—L)

and Dy = mR*m; fEL dz N,y (Uy — Qi );

R d 2
Felec - 71—60/ drr (_¢> (26)
0 dz ) 4

is the axial electric force between the positive electric charge in the sheath AB and the

negative electric charge at the back wall (€y is the vacuum dielectric permittivity); and

Lnp Ry (2)
Frag = 27r/ dz/ dr r(—jg) B, (27)
0 0

is the axial magnetic force of the azimuthal plasma current on the thruster magnetic
circuit, here expressed as the reaction force of the applied magnetic field on the plasma
currents, jg.

For our simple geometric configuration
Fcham - Fpres - Felec

is the chamber (or internal) thrust®®, while the magnetic thrust, Fl,.,, is exclusively
external thrust. Particularizing F,(z) at sections A, B, E, and D yields the relations

between the plasma momentum flow and the different contributions to thrust:

FzB:FzA_Felem
FzE:FzB_DW:Fcham7 (28)
FzD:FzE+Fmag:F-

15
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The chamber thrust depends on the plasma temperature, Fopom(7:). For B = 600G,
when lateral wall screening is large, the plasma ‘drag’ on the lateral wall is negligible:
Dy /Fepam =~ 0.01. On the contrary, the negative contribution of the electric force is
significant: taking Fj,.s >~ F,4 and the well-known Debye sheath solution for a floating
wall, one has

Feec FZ 2
Zcelec L B 1

Fpres N FzA T \/1 + ln(mi/(27rme))

the last numerical value being for argon. Notice that if wall secondary-electron emission

~ (.38,

is important, F,;.. decreases but F,j,,, does not change.

The magnetic thrust depends on both 7T, and L,,, but the ratio

Rp = Fmag/FchaTrw

shown in Fig. 10(a) —and called k,,, in Ref. 20—, is nearly-independent of T, (except
for the weak dependence of ion magnetization on 7,), monotonic with L,, and tending

asymptotically to about 1. Therefore, we can write
F(T.,L,) =~ Fepam(Te) [1 4+ kp(Ly,)] . (29)

As an illustration, Fig. 11(a) plots the thrust of our simulated thruster versus the nozzle
length and the plasma temperature. Recent experimental measurements on a HPT'7 yield
values of kp about 0.4-0.7 which agrees well with the results of Fig. 10(a).

It is worth to observe that the net force exerted by the plasma beam on the downstream
plate P, Flate, is the dynamic pressure on the plate minus the electric force due to positive

electric charge in the adjacent Debye sheath,

RV(Ln) 9
Foeer = 7T€0/ dr r(do/dz)p .
0

Thus one has

Fplate =1r.p+ Felec,P = FzD = I (30)

This equivalence between the thrust on the thruster and the plasma force on a downstream
plate has been validated experimentally, the average discrepancy being a 2%34. Notice that
the equivalence is valid as long as (i) the plate presence does not modify substantially the
upstream plasma beam, and (ii) there is no thrust contribution of the beam downstream
of the plate location. This last condition requires to know well the plasma behavior

far-downstream, which is still and open problem.
16
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The monotonic behavior of kp(L,) means that, for given 7, the total thrust and the
plasma momentum flow increase with the length of the nozzle region, Fig. 11(a). The
question to be solved in the next Section is whether that increment of plasma momentum
flow with L, comes from an enhancement of the thrust efficiency or an increment on the

power P, to be deposited into the plasma.

V. THRUST EFFICIENCY
A. Energy balance

The energy equation determines the plasma temperature 7, in terms of the plasma
absorbed power P,, which is the dominant contribution to the energy balance of the dis-

1.%7 claim that the power (i.e. energy) balance determines

charge. Instead, Fruchtman et a
the plasma density, n, an assertion that we find incorrect: n is indeed determined mainly
by the mass flow 71, as the dimensionless solution for n/ng, with ng = r/(m;wR%c,),
of Sec. III shows clearly. Also, the setting of T, in the present externally-heated dis-
charge is totally different to the one taking place in a near-quiescent, self-sustaining glow
discharge®, where the mass balance between volumetric ionization and wall recombina-
tion, yields 7, as a function of n, R and the magnetic strength; in fact that function is
Eq. (12) for the case v, = 1, Rion.-

The assumption of electron isothermality has the advantage that a global energy bal-
ance relates easily P, to the rest of discharge parameters. The discussion of the energy
balance will be restricted here to the relation among P,, T, and L, for given values of B,
m, R, and L.

The energy equation for the plasma, grouping contributions from all species can be

expressed as

V-P=j-E+P,— Py, (31)
Here:
P(z, r)= %miuiun + g [miu?ui + (meuge + 5Te)'u,e] +q, (32)

is the plasma power density, with g, the electron heat flux; P, is the absorbed power
density; and

P’Lon = El nnnRion = V . (E/ n'u,l)

won mon
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groups energy losses due to ionization and excitation, with E]  (7.) an effective ionization
energy defined in the Appendix. In the nozzle, the contribution of neutrals to p, Eq. (32),
is negligible and the contribution of the electron azimuthal energy m.u2,/2 must be kept

1021+ in the simulations to follow it will be kept

small for the nozzle model being consisten
below 10%.
Making use of V - j = 0, the work of the electric field satisfies j - E = —V - (¢7) and

the energy equation takes the conservation form

V. |P+E nu+ ¢j] - P, (33)
Integrating this equation over the whole plasma domain, limited by chamber walls A
and W, the nozzle/vacuum edge V, and the downstream plate P, the energy conservation

balance can be expressed as
Pion + Pwall + Pbeam == Pa- (34)

On the right-hand side, the contributions of ionization (plus radiation), wall heating, and

downstream beam are
Pion = Ejp,rivir /My,
Pyan = Pw + Pa, (35)
Pyearm = Pp,
respectively. Here
Py = Py =27R [°, d=1, - P(z,R),
Py = Pg =27 fOR drrl, - P(zp,1), (36)
Pp=Pp =Py =2r [V dr 11, P(zp,r),
represent radial and axial energy flows at different surfaces. The equalities P4 = Pg,
Pg = Py, and Pp = Pp express that there is no energy spent by the current-free plasma
in sheaths AB, QW, and DP, just an energy transfer from electrons to ions. Then, the

equality Pr = Pp = Pyeam also means that there are no energy sources in the nozzle.
The chamber model determines P, (7T.) and P,q; (7). Then, the nozzle model yields
Poeam = Pz(z) + Pe(Z) = const, (37)
with
P(z) = WfORV(z) dr rnmiu?u.;,

(38)
P.(z) =7 [P dr r(5T. + 2¢..);
18

Distribution A: Approved for public release; distribution is unlimited.



meui < 2T, was assumed. Equation (37) expresses the transfer of electron ‘internal’
energy to ion ‘kinetic’ energy along the nozzle.
The nozzle model determines P;(z), with P;(0) corresponding to the sonic ion flow at

section E. In fact and as for kg, the ratio
ke = Pi(2)/Fi(0) — 1

is almost independent of T, (constant), and the parametric dependence of the ion power

can be expressed as

PiD(Te? Ln) = P@E(Te>[1 + /ﬁP(Ln)] (39)

Figure 10(b) plots xp(Ly,), which is approximately proportional to the square of the local
r-averaged Mach number in the nozzle; thus kp = 10 corresponds to a Mach number of
~ 3.

The electron energy flow is the sum of enthalpy and heat flows. For T, = const, the
enthalpy flow, (5/2)T.m;g/m;, is constant along the nozzle, and the non-zero electron
heat flux, ¢.., can be determined directly only at the plate sheath edge D. The fluid-to-
kinetic correspondence for energy fluxes (of a near-Maxwellian population) at the edge of

a collisionless sheath yields?

5) 1 i
§Tenuze + Gze = <2 + = In m ) Tenu267 (40)

2 2mm,

and integrating on section D

1 , 0
Pop(T)) = (2 T NI ) 7, (41)

2 2mm, m;

Substituting Eqgs. (39) and (41) in Eq. (37), the parametric dependence of the beam power

becomes

Pbeam(Teu Ln) = PeD(Te) + BE(Te)[l + HP(LH)]' (42)

Since Pip ~ T.m;g/(2m;), one has

so, at the chamber exit, only a small fraction (about one-fifteenh for argon) of the plasma

energy is deposited on the (sonic) ion flow.
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Returning to the energy balance, Eq. (34), the absorbed power P, required to create
and expand a plasma of temperature 7T, along a nozzle of length L,, satisfies the functional
relation

Pa - Bon(Te) + Pwall(Te) + Pbeam(Tea Ln) (43)

(for B and r given). Figure 11 (b) plots P,(L,) for different plasma temperatures. For

T, given, one has
Pa(Ln) - Pa(()) - PzD(Ln) - PzE = PeD(O) - PeD(Ln)-

Therefore, for given T,, the increase of absorbed power with L,, is supplied to the beam at
the chamber exit as an increase of the electron heat flow. On the contrary, if the absorbed
power is kept constant, and the plate location is moved, it is evident from Fig. 11(b) that,
as L, increases, the plasma temperature (determined globally) decreases. The isothermal

electron model and its consequences are further discussed below.

B. Partial efficiencies

Thrust efficiency is defined as
n=F?/2mP,. (44)

Figure 11(c) shows that thrust efficiency is enhanced when either 7T, or L,, are increased,;
both cases imply an increase of the absorbed power. For our present thruster and plasma
model, thrust efficiency remains below 30%. In order to understand this relatively modest
performance figure, we evaluate next how the different phenomena taking place on the
plasma affect the thrust efficiency.

Thrust efficiency is based on magnitudes external to the plasma discharge, which fa-
cilitates its computation. Alternatively, plasma beam properties are used by Sutton®” in

the definition of the thruster internal efficiency,
Nint = PziD/Paa (45)

with
Ry (L)
PziD = 71'/ dr T?’LmiUEi(Lna T)
0
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the flow of ion axial kinetic energy at final section D. The two efficiencies coincide only if

the beam expansion is complete. The internal efficiency can be factorized as

Nint = TMechamTeconTdiv, (46)
with
Neham = Pbeam/P ==1- €ion — €wall,
Neon = iD/PbeaTm (47)

Naiv = Pzip/Pip,
partial efficiencies related to chamber processes, internal-to-kinetic energy conversion in
the nozzle, and the beam or plume divergence, respectively; €, = Pion/ P, and €0y =
Puau/ P., are the relative losses due to ionization and wall heating.

Figure 12(a) shows for a long nozzle (L, /R = 30) the dependence on T, of €, €pan,
Nint, and n; the two other efficiencies are independent of T,, being 7.,, ~ 0.44 and 74, =~
0.95. The back wall contributes the most to €,,; and its increase with T, is due to
Poon T /2. The decrease of €ion When T, increases is due to the transition to the
high-ionization region and the decrease of excitation collisions. The positive difference
between 1 and n;,, for large T, is due to the electron contribution to thrust not having
a correspondence on 7);,,;; the negative difference at low T, is due to the poor propellant
utilization. Figure 12(b) plots the same partial efficiencies versus the absorbed power
instead of T,. The difference between both groups of curves is summarized in the fact
that increments of P, are spent in ionizing more gas, at low power, and in heating the
plasma, at high power.

Figure 12 yields that the maximum thrust efficiency of our modeled thruster is below
30%. We are now in conditions to identify the main causes reducing efficiency (excepting,
of course, those related to plasma-wave interaction). First, it is clear that the thruster
must operate in the high ionization regime. For instance, for L,/R = 30 and P, = 150W,
ionization-plus-radiation losses amount only to a 10% of the efficiency loss, according to
Fig. 12(b). The same Figure states that a 30% of the efficiency loss is due to energy
losses at the chamber back-wall. Therefore, screening adequately that wall (without
affecting much the rest of the chamber) would yield 9epam ~ 80% instead of 60%. The
rest of efficiency losses takes place in the nozzle. First, the beam-divergence efficiency is

excellent (14, >~ 95%), but this can be due to the limited extension of our nozzle region.
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Further studies on the plasma detachment region are needed to confirm the behavior of
Naiv- Second, the efficiency loss caused by the conversion of electron-to-ion energy is poor,
Neon == 44%. This result is very dependent on the electron equation of state we have

assumed, so a discussion on this subject is very pertinent.

C. On the electron equation of state

An isothermal electron population has been assumed here for both chamber and nozzle
models. Isothermality was used in previous 1D magnetic-nozzle models? and the (isother-
mal) Boltzmann relation is very often invoked in plasma plume models®®. Except for
the small drift flows into the chamber walls and the downstream plume, electrons con-
stitute a population well confined both electrostatically and magnetically. This promotes
that, in a stationary situation, electrons are not far from thermodynamic equilibrium thus
supporting isothermality.

Fruchtman et al.?”, who study only the chamber region of a HPT, assume isothermality
inside the chamber, but impose an adiabatic condition (i.e. zero heat flow) at the chamber
exit. This would be consistent with an adiabatic expansion of the plasma beam along the
magnetic nozzle, similar to the one taking place for a hot dense gas in a solid nozzle®".
However, the plasma beam of a HPT is tenuous and high-collisionality cannot be claimed
to support local thermodynamic equilibrium and isentropic expansion.

The choice isothermal versus adiabatic has important consequences on the downstream
plasma expansion, the energy balance, and the thruster internal efficiency. For an isother-
mal, collisionless magnetic nozzle, we have found that: the ambipolar electric potential
decreases without bound (as L,, increases); the electron enthalpy flow is constant along
the nozzle, while the electron heat flow at the chamber exit increases as L,, increases (in
order to balance the total gain of ion kinetic energy in the nozzle); and the electron-to-ion
energy conversion efficiency is poor.

On the contrary, from the similarity with hot-gas physics, in the adiabatic expansion
of a collisional plasma, one would have that: the ambipolar electric field tends to zero
downstream; the electron heat flow at the chamber exit and within the nozzle is zero; the
gain in ion energy is balanced by the decrease of the electron enthalpy; and the energy

conversion efficiency is high. A welcome consequence of adiabacity is that the beam power
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is known independently of the expansion in the nozzle?™%: Pyeqn(Te) =~ 3T.grvig/m;.
Figure 9 of Ref. 39 shows graphically the relation P,(T.) in the adiabatic limit.
Although the non-local character of the electron energy transport in our isothermal
model is more suitable for a a near-collisionless population, we acknowledge that both
limit cases, isothermal and adiabatic, are crude models for the equation of state of a
collisionless electron population. Indeed, there is some experimental evidence of plasma
cooling in magnetized and unmagnetized plumes®*4°. Also, non-local collisionless cooling
of electrons has been studied theoretically with a quasi-1D time-dependent model by Are-
fiev and Breizman*!. Cooling would be caused by the partial depletion of a Maxwellian
distribution function along a divergent magnetic nozzle with a traveling rarefaction wave
acting as downstream ‘reflection boundary’. Martinez-Sanchez and Ahedo®?, analyzed the
partially equivalent problem of a steady-state quasi-1D ion flow in a convergent magnetic
geometry, and indeed obtained spatially-varying parallel and perpendicular temperatures
and non-zero heat flows. These two works show the way for analyzing non-local colli-
sionless cooling of electrons and the corresponding equation of state in a 2D stationary

divergent flow.

VI. CONCLUSIONS

A 2D fluid model of the plasma flow inside the magnetized chamber of a helicon thruster
has been developed, with assumptions based on expected ranges of plasma density and
temperature. Ionization, confinement, and 2D plasma flow have been discussed in terms of
design and operational parameters, i.e. chamber dimensions, injected gas flow, magnetic
field strength, and plasma temperature, the last one a function of the plasma absorbed
power. Analytical solutions for an ideal, near-collisionless plasma have been derived, and
provide simple scaling laws for the plasma parametric response. Optimal values of design
and operational parameters that maximize propellant utilization and production efficiency
have been investigated.

The chamber model has then been matched with an existing nozzle model. The whole
model provides a complete picture of the fluiddynamic processes of the plasma discharge in
a helicon thruster (heating, generation, confinement, and acceleration) and the capability

of assessing thruster performances, such as thrust, power balance, and thruster efficiencies,
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assuming isothermal electrons. In particular, the analysis of the momentum and energy
equations of the whole plasma has determined (i) the thermal, electric, and magnetic
contributions to thrust, (ii) the power conversion between ions and electrons in chamber
and nozzle, and (iii) the power distribution among beam power, ionization losses, and

wall losses.

Thrust and internal efficiencies have been evaluated, obtaining maximum values below
30% for the cases simulated here. The main causes of inefficiency are two: the deficient
magnetic screening of the chamber walls (mainly the rear wall for a near axial magnetic

field) and the incomplete plasma expansion in the nozzle (at least for isothermal electrons).

Indeed, that expansion depends on the thermodynamics of collisionless electrons in the
nozzle divergent geometry, which is bad known and thus constitutes the most uncertain
aspect when determining thruster performances. Isothermal and polytropic equations of
state are shown to yield rather different plasma responses. For an isothermal flow, we
were forced to place a downstream collecting plate in order to close the energy balance,
and the plasma temperature depends on both the absorbed power and the nozzle region

length. Far downstream plasma response is also affected by plasma/nozzle detachment.

A complete model of the plasma discharge in a helicon thruster will match the present
fluiddynamic model with a 2D model of the wave-plasma interaction and energy trans-
fer. It is known from simple wave-plasma models that antenna-plasma coupling is more
efficient within particular ranges of plasma density and magnetic strength and can be
more critical for helicon thruster operation than the thrust efficiency analyzed here. The
wave-plasma interaction model should also assess whether (or under which conditions)
suprathermal electrons are created. This can be instrumental in the formation of double-

layer class structures in the supersonic plasma flow.

Finally, in search of tractability, several simplifications have been adopted in the fluid
model, such as the 1D magnetic topology in the chamber, the absence of double-charged
ions (which are not insignificant in the expected range of T,), and the approximate sep-
aration between radial and axial dynamics. These limitations should not alter the main
trends of the plasma response here but reduce the accuracy of the results. Their over-
coming requires presumably to opt for particle-in-cell or hybrid schemes, instead of fluid

ones, as it has been already the case with other plasma thrusters*344,

24

Distribution A: Approved for public release; distribution is unlimited.



ACKNOWLEDGMENTS

The authors thank Mario Merino for providing plasma simulations of the magnetic
nozzle stage. Partial versions of this work were presented in two Conference papers3¥45.
The research has been sponsored by Spain’s R&D National Plan (Project AYA-2010-
61699) and FPU scholarship program. Additional support has been provided by the
Air Force Office of Scientific Research, Air Force Material Command, USAF, under grant
number FA8655-12-1-2043. The U.S Government is authorized to reproduce and distribute

reprints for Governmental purpose notwithstanding any copyright notation thereon.

Appendix A: Collision rates

The expressions proposed below for the different collision rates are reasonable approxi-
mations for the purposes of this work. The rates for ionization, electron-neutral collisions,

electron-ion collisions, and ion-neutral collisions are, respectively,

8 T.E; E;
ion Te = Ce\/ —UOion 1 = ——= ) Al
Rion(T.) = ¢ \/;a ( + T+ Eion)2> exp( T ) (A1)

| 8T,
Ren(Te) - maena (AQ)

T. \~=3/2 InA(T,,n.) _ _
Roi(T., e:( ) B e) 99,10 Bm3s L, A3
(Teone) = (Tov 10 e (A3)
with FEj,, the first ionization energy. For ion-neutral collisions and ¢;, = |u; — u,|, we
have
Rm(czn) - Cin(kQ - kl logl() Cin)27 (A4)
which can be expressed as,
Rin(cin) - Rin,s(Te)éin(l —a loglo éin)2> (A5)

with ¢, = c¢in/cs, cs = \/m, Rins = Rin(cs), and ay = ky(ks — k1log;gcs)~'. The
constants involved in the above expressions are gas-dependent. For argon, we will take
Eipn = 15.76eV, 0i0n = 2.8 - 107m?, 0., = 15-107m?, k, = 10.5 - 107 m, and
ki = 1.67-10"%m.

For T, = const and a given gas, Rion, Ren, and R, s are constant; IR, is a constant too

if an average value is used for In A(n.,T,). Observe that the non-linear expression used
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for R;, correspond to the high-pressure case of Fruchtman et al.?”, but, even for this case,
ion-neutral collisions will be found negligible in the desired operation range.

Excitation collisions are taken into account through the effective ionization energy
El(T.) = Eionion(T.) and a;,, the ionization cost factor. From Dugan®® a fitting

formula for argon is

Qion(T2) = 1.4 + 0.4exp(0.7 E;pn/T%). (AG)
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Figure 3. Dimensionless axial profiles inside the chamber of (a) neutral density, (b) plasma
density, (c¢) plasma velocity, (d) radially-averaged electron collision frequency, (e) plasma
recombination-to ionization ratio. Solid lines are for By = 600G (thick) and 200G (thin), and
dashed lines are for the ideal axial solution. Normalization constants are defined in the main
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Figure 4. Dimensionless radial profiles inside the chamber of (a,b) plasma density and (c,d)
radial velocity u, /cs, at (a,c) the rear wall, z = —L, and (b,d) the exit section, z = 0. Solid lines

are for By = 600G (thick) and 200G (thin), and dashed lines are for the ideal radial solution.

Normalization constants are defined in the main text.
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Figure 6. Axial profiles inside the chamber of neutral (a) velocity and (b) density, for different

values of the re-emission velocity parameter: a,, = 1 (solid), 0 (dashed), and 2(dot-and-dash).
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Figure 9. Effects of magnetic screening of the back-wall: (a) Axial profile of plasma density and
(b) production efficiency versus axial magnetic field. Solid and dashed lines are for u,p/cs = -1

and 0, respectively, modeling zero and total magnetic screening.
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Figure 10. (a) Thrust gain and (b) ion-power gain, versus nozzle length.
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Figure 11. Influence of nozzle length and plasma temperature on (a) thrust, (b) required ab-
sorbed power, (c, solid) thrust efficiency, and (c, dashed) internal efficiency. In all figures, curves
are for T, = 10eV, 20eV, and 30eV; in (c¢) both n and 7, increase with T,. Results are for
B = 600G and m = 0.1mg/s.
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Figure 12. Dependence of (solid lines) thrust and internal efficiencies and (dashed lines) ioniza-

tion and wall losses with (a) T, and (b) P,, for L,, = 30cm, B =600G, and r = 0.1mg/s.
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Theory of Plasma Detachment in a Propulsive Magnetic Nozzle

Mario Merino and Eduardo Ahedo
ETS Ingenieros Aeronduticos, Universidad Politécnica de Madrid, Madrid 28040, Spain

An axisymmetric model of the divergent propulsive magnetic nozzle demonstrates that demagneti-
zation of mass-carrying ions is the key mechanism enabling inwards detachment of the supersonically-
expanded plasma jet, even in the asymptotic limit of fully-magnetized electrons. In contrast, incip-
ient electron demagnetization is detrimental for inwards beam detachment, and magnetic strength
must thus be tuned to optimize both beam channeling and acceleration in the near region and de-
tachment in the far region. It is shown that only a marginal fraction of the beam flows back, and
that the divergence angle of the 95%-mass flow tube measures the effectiveness of detachment and
permits comparisons with plumes of other plasma thrusters.

PACS numbers: 52.75.Di, 52.30.Ex, 52.59.Dk

Magnetically-channeled plasmas are fundamental in
many applications, ranging from material treatment to
fusion and space propulsion. In particular, several
plasma thruster concepts[1-6] employ, as their accelera-
tion stage, a longitudinal magnetic field to create a diver-
gent magnetic nozzle (MN), which transforms the inter-
nal energy of the plasma into axially-directed kinetic en-
ergy, thus producing a highly supersonic plasma beam][7].
While the expansion of a plasma in a MN vaguely resem-
bles that in a solid, de Laval nozzle[8], the central role
of long-range forces in MNs sets them apart from their
solid counterparts. First, a MN has the key advantage of
operating in a contactless manner, thereby avoiding se-
vere plasma losses and wall durability problems. Second,
the expansion is far from quasi-one-dimensional[9], and
depends strongly on the form and/or species in which the
internal plasma energy is stored, which can be different
in each particular device[10]. Lastly, there are signifi-
cant differences in the processes of thrust production and
plasma detachment from the nozzle.

The mission of any propulsive nozzle is to increment
the delivered thrust. In a solid nozzle, the physical
mechanism that enables this is the pressure exerted on
the nozzle divergent walls. In a wall-less MN, as we
showed theoretically[9] and Takahashi et al. later con-
firmed experimentally[5], thrust is of magnetic charac-
ter. The magnetized plasma develops diamagnetic az-
imuthal currents on electrons that oppose those running
in the thruster coils, thus creating two repelling magnetic
forces: one yields positive thrust on the thruster, while
the second one accelerates the plasma[l1]. The MN con-
tribution to the total thrust of the device is expected to
be about 50% for a plasma jet emitted sonically by the
source[9], and even a larger fraction if the plasma con-
tains two disparate electron populations[12, 13].

There is ample consensus that the main uncertainty
about the applicability of MNs in space propulsion is
the ability of the plasma to detach from the closed mag-
netic lines[14]: once accelerated, it is imperative that the
plasma beam releases itself from the magnetic field down-
stream and continues to expand freely into vacuum. Were

this not the case, the returning plasma would cancel the
produced thrust and impinge on the delicate spacecraft
surfaces.

Two important aspects to take into account when deal-
ing with the detachment of a plasma jet are, first, that
ions carry almost totally the plasma mass flow; and sec-
ond, that a small backflow is unavoidable in any plasma
plume expanding into vacuum. Therefore, the detach-
ment problem must determine (4) which mechanism al-
lows ion streamtubes to detach inwards from the mag-
netic lines and avoid flowing back; (i7) which fraction
of the beam mass flow is backflowing; and (74) how
the efficiency of a MN in generating a high-energy, low-
divergence beam is measured.

Prevailing detachment theories developed specifically
for plasma thrusters with MN have focused on electron
detachment, on the assumption that quasineutrality and
current ambipolarity make ion and electron streamtubes
coincide in a current-free plasma. In a first scenario,
resistivity[15] or electron-inertia[16] would produce dif-
fusive detachment of electron streamtubes. In a sec-
ond scenario, the plasma-induced magnetic field would
stretch the MN downstream[17]. Unfortunately, these
three mechanisms do not lead to inwards electron de-
tachment in a propulsive MNJ[11, 18]: electron diffusion
detaches electron tubes outwards from the magnetic lines,
and the magnetic field induced by diamagnetic plasma
currents opposes the applied one, thus increasing the di-
vergence of the resulting MN.

The goal of this Letter is to demonstrate that ion in-
wards detachment caused by ion demagnetization is the
key mechanism for the detachment of a plasma jet in a
propulsive MN, and that it takes place even in the fully-
magnetized-electrons asymptotic limit. Additionally, it
is shown that the divergence angle of the ion streamtube
carrying, say, 95% of the ion/plasma mass flow is a di-
rect measure of plasma detachment and allows a direct
comparison of MN-based plumes with those of more con-
ventional devices, such as ion or Hall-effect thrusters. Fi-
nally, the influence of plasma rarefaction and finite elec-
tron magnetization on the jet detachment is commented.
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Vacuum-chamber measurements of the near-region of
MNs of different thrusters are confirming ion detach-
ment as a real and robust phenomenon[5, 19-22]. How-
ever, measuring plasma expansion and detachment far
downstream is more challenging due to chamber size con-
straints. Theoretically, we already identified ion detach-
ment as a relevant 2D beam feature[9, 11], but again, the
study covered only the MN near region, limited down-
stream by the MN turning point. Here, a new intrinsic
integration algorithm allows to overcome the MN turning
point limitation and to look into the MN far region, both
downstream and laterally.

The steady macroscopic, two-fluid model[9] describes
the z—r expansion of a quasineutral, collisionless and
current-free plasma column of radius R injected sonically
at the MN throat (located at z = 0). We assume the up-
stream internal energy is deposited mainly on electrons,
and a magnetic field strength such that ions are partially-
magnetized but massless electrons are fully-magnetized.
Then, electron and magnetic streamtubes coincide every-
where and the magnetic tube with initial radius r = R,
constitutes the plasma-vacuum edge. After manipula-
tion of electron and ion equations, the 2D evolution of
ion density and (longitudinal) velocity are found to be
described by a closed set of three hyperbolic differential
equations, which are integrated along characteristic lines
in the intrinsic coordinates.

Ton magnetization is characterized by the local ion
gyrofrequency parameter Qi(z,r) = eRB(z,1)/VTem,.
The particular coil layout of the thruster defines the
shape of the MN, that is B(z,7)/By, with subindex 0
referring to the origin, (z,7) = (0,0), while acting on the
coil currents modifies the MN strength By and thus Qio-
This is the main dimensionless parameter in the present
discussion. Since both the MN shape and the plasma
density profile at the throat, n(0,7)/ng, are not essen-
tial for the detachment mechanism, the magnetic field of
Fig. 1, and the density profile of Fig. 2(a) in Ref. 9, will
be used here. The curves of constant B/By = Q; /QiO
in Fig. 1 show the demagnetization rate in the divergent
MN. Since envisaged MN-based thrusters relying on elec-
tron internal energy and medium-to-heavy propellants
have (o < O(10), ions are typically unmagnetized ev-
erywhere (i.e., ; < 1), except perhaps near the throat,
where it can be Q; > 1 locally.

Figure 1(a) and (b) depict, for two magnetic strengths
amply covering the foreseen application range, the inte-
grated ion flux from the axis (0%) to the plasma-vacuum
boundary (100%), and the ion streamtubes containing
50%, 95%, and 100% of the ion flux. Except for the 100%-
tube, where quasineutrality ensures that ion and electron
streamtubes coincide, the progressive detachment of ion
tubes from their corresponding magnetic tubes is evi-
dent. The separation it is clearly linked to ion demag-
netization, with lower values of Qo leading to more pro-
nounced tube separation in the far-region. As in more
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FIG. 1. (Color online) Ion inwards detachment for two mag-
netic strengths: (a) Qi = 1 and (b) Qo = 200. Thick solid
lines are streamtubes containing 50%, 95%, and 100% of the
plasma mass flow. The thin solid lines show the initially-
corresponding magnetic streamtubes. The integrated mass
flow from the axis to the lateral boundary is depicted in the
2D map. Dashed lines show the order of magnitude of B/Bjy.
The field is generated by a single current loop of radius 3.5R
located at z = 0. The dot marks the MN ‘turning point’.

conventional thrusters, the 95%-flow tube can be used to
define the ‘practical’ boundary of the plasma beam and
to assess the plume divergence. We observe that this
tube becomes more straight downstream, while only a
very marginal fraction of the ion flow (less than 1% in
present simulations) is deflected backwards around the
turning point.

To better quantify the effect of ion initial magnetiza-
tion, Fig. 2 plots the spatial evolution of the divergence
angle of the 95%-mass flow streamtube, ayg;,, for the two
cases of Fig. 1 and for the total ion-magnetization case,
Q); = 0o, in which ion detachment would be null every-
where. Clearly, the larger Qo is, the later ion detach-
ment starts to be apparent, and the larger the plume di-
vergence. Nevertheless, the most striking result are the
modest differences between the ‘near unmagnetized’ case
(Q4o = 1) and the ‘high magnetization’ case (€0 = 200),
which, in spite of the large Qio, is still far away from the
Qo = oo limit. This indicates that ion detachment is
a robust mechanism even for very large initial magneti-
zation of ions. Finally, notice that the plume divergence
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FIG. 2. Evolution of the divergence angle of the 95%-
mass flow tube along its arc-length s in the meridional plane,
for different ;0. The dashed line shows the divergence of
the 95% magnetic tube, which coincides with the ion full-
magnetization limit, ;0 = oo.

efficiency and the thrust gain[9, 18], parameters not plot-
ted here, can be used to quantify the MN performance
in more detail than «g;,.

We now turn to analyze the physics behind the 2D ac-
celeration and detachment of the plasma jet. In general,
each plasma species expands under the action of the am-
bipolar electric force, its own pressure gradient, and the
magnetic force due to its own currents. The consequence
is that massless, confined electrons and inertia-driven
ions behave very differently. For electrons, momentum
equations assert (in addition to electron tubes coinciding
everywhere with magnetic ones) that (4) in each magnetic
tube, the electric potential ¢(z,r) and plasma density n
are related by a tube-dependent Boltzmann relation, and,
(4) in the direction perpendicular to the magnetic tubes,
the expanding pressure force component f, is balanced
by the confining electric and magnetic force components,
fe and fp,, that is f, = fe + fm. Figure 3(a) plots the
relative strength of these perpendicular forces. At the
source exit, one has f,, =~ f, > f. for hot magnetized
electrons. Downstream, however, the electric force grad-
ually takes over the confinement task, and the magnetic
force becomes secondary, except at the plasma-vacuum
edge, where f,, = f, > f. remains large.

On the other hand, the change of momentum of (quasi-
cold) ions is caused by the same ambipolar electric field
and a magnetic force, proportional to the local ion mag-
netization and tube separation. For Qo small, the ion
magnetic force is negligible in the whole MN, and the
electric force completely dominates axial ion acceleration
and radially-outward deflection of ion tubes. For Qio
large, a paramagnetic azimuthal ion velocity, ug;, devel-
ops, which generates a B-perpendicular, outward force in
the near-region with two negative effects on the ion flow:
axial deceleration and increment of ion divergence.

Our results state, and experimental evidence seems to
agree, that the combined electric and magnetic deflec-
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FIG. 3. (Color online) Maps for the Qi0 = 1 case of (a)
perpendicular magnetic-to-pressure force ratio on electrons,
fm/ fp, and (b) normalized plasma density, n/no.

tion of ion tubes are insufficient to match them with
electron/magnetic tubes. In other words, the ambipolar
condition 3 = 0, with j the electric current density, can-
not be satisfied everywhere in a 2D, divergent, globally-
current-free jet even if V - 5 = 0 is satisfied naturally
and j = 0 is imposed at a certain jet cross-section[18].
Indeed, the ambipolar electric field self-adjusts in order
to preserve quasineutrality, but allows ion and electron
tubes to separate inside the plasma volume. Further-
more, the more supersonic the ion beam becomes, the less
its divergence is affected by electric and magnetic forces,
and the more it approaches a free-expansion regime, as
the decreasing growth rate of ay;, in Fig. 2 confirms.

The above ideal model, based on the assumptions of
quasineutrality and fully-magnetized electrons, demon-
strates that plasma inwards detachment is caused essen-
tially by ion demagnetization. The relaxation of these
ideal conditions modifies the electric field and conse-
quently alters ion detachment. First, Fig. 3(b) shows
that plasma rarefaction is huge downstream and particu-
larly sideways. Since space-charge effects grow as oc n=?,
quasineutrality eventually fails near the plasma edge and
far downstream. Fortunately, space-charge sets an upper-
bound to the electric field, and thus to the deflecting force
on ion tubes, which is expected to facilitate ion detach-
ment, specially in the periphery.

Second, for finite electron magnetization, resistivity,
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electron-inertia, and the plasma-induced magnetic field
were shown to deteriorate electron confinement, leading
to outward electron detachment[11, 18], which adversely
increases the effective MN divergence. The desirability
of full electron magnetization on one hand (to minimize
these three phenomena and ensure proper channeling and
acceleration of the plasma beam), and low ion magneti-
zation on the other (to foster downstream detachment
and achieve low beam divergence), set two conflicting re-
quirements to the magnetic strength of the MN. Once
the physics are understood, each thruster should opti-
mize both the strength and shape of the MN to maxi-
mize thrust efficiency. Note that the use of heavy, singly-
ionized ions alleviates the requirement conflict.

Additionally, while the ideal model is simple and con-
sistent enough to demonstrate the crucial role of ion
demagnetization on detachment, it presents some limi-
tations that become important as the jet expands fur-
ther downstream. First, the presence of a tenuous back-
ground plasma (i) smooths the hard plasma-vacuum
edge assumed here, and (i) when the beam and back-
ground densities become comparable, it will affect /limit
the development of the electric field. Second, ion-
electron separation generates longitudinal electric cur-
rents in the globally-current-free jet, which must close
both upstream (i.e., inside the source) and downstream
(possibly through residual resistivity, geometric vanish-
ing, and interaction with the background plasma). Third,
the transition from a magnetized to an unmagnetized
electron model needs to be addressed consistently. The
downstream vanishing of the magnetic force (Fig. 3(a))
seems promising in this regard.

Fourth, and most important, the assumption of elec-
tron isothermality, while not central for the detachment
process, leads to a nonphysical, infinite (logarithmically-
slow) drop of the electric potential downstream. Lim-
ited laboratory and in-space evidence (with unmagne-
tized collisionless plumes) suggests that the electric po-
tential vanish proportionally to nY~! with v ~ 1.1 — 1.2.
Unfortunately, no established theory exists for the expan-
sion of a collisionless electron population. Theoretical
approaches, based on the kinetic theory, suggest a colli-
sionless cooling of electrons based on adiabatic invariants
and effective potential barriers[23, 24].

Finally, the fundamental differences with the MN the-
ory of Takahashi et al. [5] seem pertinent to be noted
here. Their 2D-claimed model neglects ion radial-inertia,
when it is indeed a dominant-order term in the radial
momentum equation of inertia-driven ions. This leads
to a non-physical behavior, where ug; corresponds to the
E x B drift of a zero-inertia species and creates a diamag-
netic force on ions that stretches axially the ion stream-
tubes. Furthermore, by postulating that the effective
beam cross-section is mR?B(z,0) /By and imposing a self-
similar density profile, their model is actually quasi-1D,
and avoids the central issue of plasma expansion beyond

the MN turning point.

This work has been sponsored by the Air Force Of-
fice of Scientific Research, Air Force Material Command,
USAF (grant FA8655-12-1-2043) and Spain R & D Na-
tional Plan (Project AYA-2010-61699).

[1] G. Kriille, M. Auweter-Kurtz, and A. Sasoh, J. Propul-
sion and Power 14, 754 (1998).

[2] A. Arefiev and B. Breizman, Phys. Plasmas 11, 2942
(2004).

[3] R. Winglee, T. Ziemba, L. Giersch, J. Prager, J. Carscad-
den, and B. Roberson, Phys. Plasmas 14, 063501 (2007).

[4] O. Batishchev, IEEE Trans. on Plasma Sci. 37, 1563
(2009).

[5] K. Takahashi, T. Lafleur, C. Charles, P. Alexander, and
R. Boswell, Phys. Rev. Lett. 107, 235001 (2011).

[6] E. Ahedo, Plasma Phys. and Controlled Fusion(2011).

[7] S. Andersen, V. Jensen, P. Nielsen, and N. D’Angelo,
Phys. Fluids 12, 557 (1969).

[8] G. Sutton and O. Biblarz, Rocket propulsion elements
(Wiley, 2010).

9] E. Ahedo and M. Merino, Phys. Plasmas 17, 073501
(2010).

[10] A. Sasoh, Phys. Plasmas 1, 464 (1994).

[11] E. Ahedo and M. Merino, Phys. Plasmas 18, 053504
(2011).

[12] E. Ahedo and M. Martinez-Sédnchez, Phys. Rev. Lett.
103, 135002 (2009).

[13] M. Merino and E. Ahedo, Phys. Plasmas 20, 023502
(2013).

[14] R. Gerwin, G. Marklin, A. Sgro, and A. Glasser, Tech.
Rep. AFSOR AL-TR-89-092 (Los Alamos National Lab-
oratory, 1990).

[15] R. Moses, R. Gerwin, and K. Schoenberg, in Proceedings
9th Symp. on Space Nuclear Power Systems, (1992) pp.
1293-1303.

[16] E. Hooper, J. Propulsion and Power 9, 757 (1993).

[17] A. Arefiev and B. Breizman, Phys. Plasmas 12, 043504
(2005).

[18] E. Ahedo and M. Merino, Phys. Plasmas 19, 083501
(2012).

[19] W. Cox, C. Charles, R. Boswell, and R. Hawkins, App.
Phys. Lett. 93, 071505 (2008).

[20] C. Deline, R. Bengtson, B. Breizman et al, Phys. Plasmas
16, 033502 (2009).

[21] K. Terasaka, S. Yoshimura, K. Ogiwara, M. Aramaki,
and M. Tanaka, Phys. Plasmas 17, 072106 (2010).

[22] J. P. Squire, C. S. Olsen, F. R. Chang-Diaz et al, in 32nd
Int. Electric Propulsion Conf. (2011).

[23] D. Dorozhkina and V. Semenov, Phys. Rev. Lett. 81,
2601 (1998).

[24] A. Arefiev and B. Breizman, Phys. Plasmas 15, 042109
(2008).

Distribution A: Approved for public release; distribution is unlimited.



48th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit AIAA 2012-3840
30 July - 01 August 2012, Atlanta, Georgia

Two-Fluid and PIC-Fluid Code Comparison of the
Plasma Plume in a Magnetic Nozzle

J. Navarro* and M. Merino’ and E. Ahedo!
Universidad Politécnica de Madrid, Madrid 28040 Spain

The HPMN hybrid (PIC/fluid) code is characterized and validated against the DI-
MAGNO two-fluid, collisionless code of the plasma flow in a magnetic nozzle. A globally
current-free, fully-ionized plasma generated by a helicon source is injected at the mag-
netic nozzle throat of each code and simulated. Comparison of the plasma properties of
each solution highlights the differences and similarities between both codes. Results on
main plasma magnitudes agree well, supporting the validity and accuracy of HPMN and
suggesting points of further improvement.

I. Introduction

Magnetic nozzles (MN) are envisaged as a promising acceleration system for advanced plasma thrusters.
By using an axysimmetric, divergent applied magnetic field, the hot plasma of these engines can be efficiently
channeled and expanded into vacuum to produce thrust in an equivalent way to a solid de Laval nozzle. The
central advantages of MN over their solid counterparts are the strong reduction of plasma losses and wall
damage thanks to magnetic confinement, and the possibility to control thrust and specific impulse in flight
by modifying the geometry and intensity of the applied field, which allows to adapt to different mission
profiles. Examples of electric thrusters using of MN are: the Helicon thruster,’* the applied-field MPD
thruster®® and the VASIMIR.” Once accelerated, the plasma needs to free itself from the imposed magnetic
field to form a directed axial beam, a phenomenon known as detachment.

A good understanding of plasma physics in the MN is central for the development of a successful and
efficient thruster that can compete with the current array of highly optimized electric propulsion systems, or
extend the current performance envelope. In this regard, numerical simulations are of paramount importance
to attain this understanding and complement experiments, since they can provide the necessary insight in
the mechanisms for plasma acceleration and detachment.

In the last years, we have studied the physics of the MN with DIMAGNO, 8710 a two fluid, two dimensional
code of a totally ionized, quasineutral, collisionless plasma. DIMAGNO code reproduces the fundamental
physics of the MN, including fluxes of ions and electrons, electric potential, electric currents and induced
magnetic fields. It achieves high computational speed and accuracy thanks to the Method of Characteristics
(MoC) used in the integration of the supersonic flow. This code has permitted the analysis of the acceler-
ation mechanisms in the nozzle, the radial rarefaction of the expansion, the generation and transmission of
thrust, and the parametric investigation of propulsive performances.® Additionally, an initial study of the
detachment problem in a hot plasma has been carried out, where DIMAGNO showed that plasma induced
magnetic field, resistivity, and azimuthal electron inertia cause radially-outwards detachment.”

In spite of its success and adequacy for the study of the fundamental physics of a MN, the approach
followed in DIMAGNO is constrained by the assumption of a collisionless plasma and the inherent charac-
teristics of a fluid model, precluding the analysis of interesting phenomena such as resistive diffusion in the
plume. To overcome this and other limitations, a 2D hybrid particle/fluid, quasineutral code called HPMN
after ‘hybrid particle magnetic nozzle’ has been developed at EP2.!! This code nourishes on the large expe-
rience and confidence acquired on the well-tested HPHall2 code used in our group,'? originally conceived for

*PhD student, Equipo de Propulsién Espacial y Plasmas (EP2), web.fmetsia.upm.es/ep2), student AIAA member
(jaume.navarro@Qupm.es).

TPhD student, EP2, student ATAA member (mario.merino@upm.es).

tProfessor, EP2, senior ATAA member (eduardo.ahedo@upm.es).
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the simulation of Hall effect thrusters. In HPMN, heavy species are simulated with the particle-in-cell (PIC)
methodology, while fully-magnetized electrons are modeled as a magnetized fluid. Collisions are treated with
Monte Carlo (MC) methods. This hybrid approach means a convenient trade-off between complexity and
detail, and allows to recover physical aspects unattainable with a fully fluid model, such as the ion energy
distribution function (EDF). However, some accuracy and the “cleanness” which characterize fluid models
such as DIMAGNO are unavoidably sacrificed. One the advantages of the HPMN code is that it takes into
account electron collision effects, and allows exploring the gentle diffusive transition between the dense jet
and the near-vacuum region, whereas DIMAGNO necessarily employs a sharp plasma-vacuum edge.

The goal of this paper is, first of all, to carry out the validation of the HPMN code. Validation of this
newer code needs to be performed based on previous knowledge of MNs. To this end, identical plasma flows
are simulated with DIMAGNO and HPMN, and we compare and cross-validate the results. The calculated
plasma profile at the exit of a helicon source will be employed in both simulations. Comparisons are made
in terms of plasma density distribution, ion current density flows, induced azimuthal currents, and thrust
gain. From this analysis, we reach conclusions about the suitability of each code to simulate the different
physics present in a MN. Our second objective is the investigation and characterization of the new physical
phenomena present in HPMN that were unavailable in DIMAGNO. Our focus here is on the diffusion due
to collisions.

The paper is organized as follows. First, a short summary of the fluid model of DIMAGNO and the
hybrid model of HPMN is provided in sections IT and III, respectively. Then, in section IV, the upstream
plasma provided by a helicon source is characterized. This knowledge provides the initial flow conditions for
the simulations of DIMAGNO and HPMN. The comparison of results and the main discussion is carried out
in section V. Finally, conclusions and planned future developments are gathered in section VI.

II. Fluid model (DIMAGNO)

Summarily, the fluid model of DIMAGNO describes the axysimmetric, steady-state flow of a totally-
ionized, quasineutral, collisionless, supersonic plasma in the divergent magnetic field B. FElectrons are
modeled as a hot, isotropic species of constant temperature 7., while ions are modeled as a cold one with
mass m;. A detailed account of the derivation of the model, its nomenclature, and the integration strategy,
can be found in previous publications,®? including a discussion of the main results. The ion and electron
equations are presented here in abridged form for convenience:

V - (nu;) =0, (1)
m; (u; - V)u; =e(=Veo+u; x B), (2)
0=-T.Vlnn—e(-Vd+u. x B). (3)

The main characteristics of the model stem from the hypotheses of: (1) negligible collisions, i.e. that the Hall
parameter yg = eB/m.v, > 1; and (2) completely magnetized electrons and negligible electron inertia,i.e.
electron Larmor radius £, = v/m.T./ (eB) < R, with R the macroscopic length of the plasma. Electron
streamtubes are therefore assumed to coincide with magnetic streamtubes. Ions, however, are only partially
magnetized, and separate inwards from the electron streamtubes depending on their magnetization degree,
giving rise to longitudinal currents® and facilitating detachment.'® The validity of these assumptions is
justified inasmuch as an efficient MN requires that at least the electrons are magnetized, so that the plasma
will describe the geometry of the magnetic field, and that the flow collisionality is low to achieve good
magnetic confinement. The resultant model is dependent on the geometry and intensity of the magnetic
field (the latter measured by the non-dimensional ion gyrofrequency, Qo = eBR/v/m;T,, which is the key
parameter that controls ion magnetization), and the initial conditions at the nozzle throat.

For a given magnetic field B, Eqs. (1)—(3) are hyperbolic if ions are supersonic, and they can be integrated
with the method of characteristics (MoC). This leads to a highly accurate and computationally inexpensive
integration scheme.' As a consequence, DIMAGNO is regarded as a valuable tool for validation of more
complex codes such as HPMN.

As pointed out in the introduction, DIMAGNO reproduces the fundamental MN physics of plasma
expansion and acceleration, electric currents, thrust generation, etc., and has been used to study the main
aspects of the operation of these devices. Certain advanced physics can also be analyzed by extending this
model. For instance, the plasma-induced magnetic field, which can play an important role in detachment,
can be taken into account with a simple iteration procedure.!®> The influence of collisions was recently studied
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with a perturbation analysis.? 16 The dominant electron inertia effects (finite Larmor radius effects) can be
easily incorporated into the model.!”'® Support for multiple-temperature electron distributions has been
added, allowing the study of the formation of quasi-double-layers in the flow.!® Latest developments include
the capability to simulate the flow beyond the magnetic turning point to analyze the far-field plume.'?

III. Hybrid PIC/fluid model (HPMN)

The core of the hybrid model used here inherits from the well-known HPHall2 hybrid code,*? an improved
version of HPHall,? which was designed to describe the plasma physics in a Hall thruster. The fundamentals
and intricacies of the new HPMN code were presented in Ref. 11.

Heavy species (neutrals and ions) are treated as macroparticles in a conventional PIC subcode. The
spatial grid is axysimmetric and structured. Collisions that involve ions and neutrals can be accounted for
using Monte-Carlo methods. Main properties of the quasineutral plasma provided by the PIC subcode are
the plasma density and ion currents.

HPMN models electrons as a magnetized fluid. Main differences compared with DIMAGNO are (1) the
inclusion of collisions in the momentum equation and (2) the possibility of taking into account ionization
processes. Thus, Egs. (1) and (3) of previous section are extended here to include these terms,

V-(nu;)) =V-(u.)=n. (=V-j=0), (4)
0=-T.VIinn—e(=V¢+ u. X B) + mevet,. (5)
The fluid model of electrons is based on projecting Eqs. (4) and (5) onto the magnetic reference frame,

1,{1.,1¢}, where, 1 = B/B, and and 1, = 19 x 1) is the normal unit vector to the magnetic field. The
result of splitting Eq. (5) along each of these directions is, respectively,

e(r,z) = —He(¢) + Te(¢) Inn(r, 2), (6)
Uhe = —XHU e, (7)
Ule = "XH aHe (8)

_1+x%1 o’

where only azimuthal resistivity has been kept due to its zero-order character on the definition of u, ., % is
the magnetic streamfunction, and the rest of symbols are conventional

Equation (6) constitutes the Boltzmann relation in the parallel direction, in which —H, /e is the thermal-
ized potential, known from flow conditions at the MN throat. Equations (7) and (8) describe, respectively,
the azimuthal and perpendicular behaviour of the electron flow. Notice that the last one becomes u; ., = 0
in the collisionless limit y g — oo, recovering the corresponding expression of DIMAGNO. Eq. (8) may be
regarded as the Ohm’s law in the perpendicular direction.

Local current ambipolarity (LCA) is not fulfilled everywhere within the plasma domain, even for a globally
current-free plume.® This idea stands out from Eq. (4) when it is projected along 1, and integrated on each
magnetic tube:

alL(w) _ 27sz
oY  Beceosa

2m]

9)

B cos «

throat end

where I, (¢) = I,; + I, is the net current across the magnetic surface given by ¢ =const, between the
throat (z = 0) and downstream end sections (z = zenq), in the direction of 1. Ton current I, is provided
by the PIC sub-code, whereas electron I, . stems from Eq. (8) and the local density n (resulting from PIC
calculations). Both of them (j = 7, e) can be expressed as

Ij=ugq / nu | jdo, (10)
P

with do a differential area element of the magnetic surface.

Electrons are treated as an isothermal species in this model. We emphasize that a non-isothermal model
T. (1) could be easily considered once a closure for the heat flux is provided for the energy equation. In order
to facilitate the comparison of the results with DIMAGNO, ionization mechanisms are also switched off.
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IV. Upstream Plasma characterization

The focus of this work is on the MN flow of plasmas generated using a helicon plasma source. In this
section the fluid model of helicon source described in Ref. 21 is used to obtain the radial equilibrium and
plasma fluxes at the throat. This boundary condition serves then as the starting point of integration for the
two codes described above.

Within the dielectric tube, radial plasma pressure is balanced by (1) the force created by the external
axial magnetic field and plasma azimuthal currents, and (2) the radial ambipolar electric field. The same
electric field pulls ions towards the wall of the source. The higher the magnetic field, the stronger the
magnetic confinement compared to the electric one, and the smaller the plasma losses to the wall.

The plasma is accelerated along the source up to the ion sonic velocity, ¢ = \/T./m;, reached at the
exit section, where the MN throat is located.

The matching between source and MN requires some additional comments. In the case of DIMAGNO,
the profile requires some adaptation as follows: first, due to the requirement of hyperbolicity of the equations,
the initial Mach number is chosen My = 1.01, slightly higher than 1. This introduces a small error (< 5%) in
continuity, momentum and energy conservation equations. (2) DIMAGNO’s collisionless plasma flow must
be parallel to B at the plasma edge. This is dealt with by cutting off a small fraction of the plasma flow
near the edge, where the largest radial velocity is located. Since density is low in this region, the amount of
plasma which is disregarded in the nozzle simulation of DIMAGNO is negligible. The small radial velocity
within the retained plasma is also neglected.

In the matching with the HPMN model, on the other hand, we need to express the plasma flux using a
kinetic formulation, because ions are modeled by a PIC code. These particles are injected through the MN
throat along the B direction according to a distribution function of particles velocity. This function must
retain plasma properties at the source exit section (i.e. density n and plasma flux nu).

IV.A. MN throat conditions

The chosen source parameters are listed next: ion mass 6.6 - 10726 kg (Ar), mass flow 7 = 0.1 mg/s, tube
radius R = 0.01 m and length L = 0.1 m, plasma temperature 7., = 10 eV, and magnetic field intensity
By =200 G (assumed constant along the dielectric tube).

For these values, the non-dimensional ion gyrofrequency is Qo = ReB / \/(miTe) ~ (0.1. The useful
power, in accordance with enumerated parameters, is in the power range 50-100 W, so this study refers to
the analysis of a mini-helicon plasma thruster (e.g. Ref. 4).

Figure la shows the radial structure of the plasma density. Plasma radial velocity is depicted in 1b.
Taking into account that —e¢ ~ 1/2m;u?,, the radial electric field can be neglected, except at the vicinity
of the plasma edge (inertial layer, which precedes the Debye sheath. Ref. 22).

10° ‘ ‘ ‘ ‘ 1

(a)

(b)

0.8r

0)

0.6r

N/ Ny
u/cs

-3
10 . . . . "
0.5 0.6 0.7 0.8 0.9 1 %.5 0.6 0.7 0.8 0.9 1

r/R r/R

Figure 1. (a) Plasma density at the MN throat n(r)/n,—¢. (b) Plasma radial velocity u,;/cs.

Simulations of the source indicate that propellant utilization 7,,, which relates ion flow at the source exit
to the total mass flow, is over 92%. Consequently, the flux through MN throat is practically fully-ionized,
and residual neutral density is low enough to neglect plasma ionization within the plasma plume. Increasing
the magnetic field up to 600 G, n,, goes up to ~ 99%.
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V. Comparison of results

Figure 2 presents 2D maps of the plasma density in the MN plume for both codes. HPMN reproduces
the same behaviour of DIMAGNO, and the agreement in this regard is high. Numeric results obtained using
the hybrid model also fit with the full fluid code response. Spatial gradients of the plasma density in HPMN
are coherent with DIMAGNO. The large radial rarefaction is reproduced by both hybrid and fluid codes.
Obviously, DIMAGNO is still more accurate because of its MoC approach.

10

r/R

0o 5 10 15 2 25 30 0o 5 10 15 2 25 30
z/R zZ/R

Figure 2. Plasma density log,, n. (part/m?) DIMAGNO (left) and HPMN (right).

The correlation between plasma density maps allows to know beforehand that electric potential, Figure
3, should exhibit similar results. According to Eq. (6), electric potential ¢ is equivalent to the thermalized
potential, which is constant along each magnetic surface, plus a correction comparable to the plasma temper-
ature and Inn. The thermalized potential is the same in both models because it only depends on MN throat
conditions. Consequently, electric potential from HPMN agrees with DIMAGNO results. However, a slight
mismatch on the results is appreciable. These local deviations appear as a consequence of PIC fluctuations
in properties and interpolation errors. Consequently, equipotential surfaces obtained with the hybrid model
are not as smoothly defined as in DIMAGNO.

10

10
8 8
6 6
< X~
~ ~
S oal ~ g4l
2 2l
0 SR
0 5 10 15 20 25 30 0 5 10 15 20 25 30
z/R z/R

Figure 3. Electric potential ¢(V) DIMAGNO (left) and HPMN (Right).

This is further manifested by the potential drop along the axis line, relative to the potential at the MN
throat, is about 5.57, at z = 0.3 m as shown in Figure 4. The tendency in both models is almost the same
from the MN throat until z = 0.1 m. However, the loss of correlation from z = 0.1 m and downstream along
the plasma plume cannot be neglected. The numerical behaviour of HPMN downstream, where MN area is
by far larger than that measured at the throat section, requires some comments.

First, in spite of injecting a huge number of macroparticles per cell (N) at the MN throat, it is not
possible to avoid the low N we find at the far plume. This reduction is due to the strong rarefaction that
takes place in the plume, plus the lack of ionization processes that would increase N.

Second, the reduction of NV induces the statistical failure of the weighting algorithms as shown in Figure
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Figure 4. Left: Electric potential along axis, DIMAGNO (solid line) and HPMN (dashed line). Rigth: Number the
particles per cell, N, according HPMN simulation.

5 (right), which plots the ion Mach number distribution within the plasma plume M;(z,7) = \/u?, + u2;/cs.
The natural response to the monotonically drop of the electric potential ¢ (Figure 3) should be a continuous
acceleration of charged particles, as depicted in DIMAGNO results, Figure 5 (left). In fact, all ions in the
PIC simulation are (independently) accelerated along z positive direction. But the macroscopic flow velocity
u obtained from weighting across particles does not retain this behaviour because it is influenced by the low

N, the particle velocity dispersion, and the numerical density background, n4.

y

10

r/R

U ——————
0 5 10 15 20 25 30 0 5 10

15
z/R z/R

Figure 5. Ion Mach number M;, DIMAGNO (left), and HPMN (right).

20 25 30

This background is necessary to avoid PIC model inconsistencies. Nonetheless, here is still overly large
and produces an undesirable effect. In this research, the treatment of ny, has been improved compared with
the model in Ref.!'’ Now, npg is reduced progressively to a more appropriate value according to the average
value of N.

This upgrade is not enough to correct or improve the weighting algorithm results that try to reproduce
the second or higher-order moments of the ion distribution function, i.e., particle flux nu, momentum flux
and successive moments. The first-order moment of the ion distribution function, necessary to deal with
the ion density (i.e. the plasma density), is not affected by the particle velocity dispersion, and has been
improved thanks to the new model.

Plasma density governs the effective electron collision frequency, ve = ve; = neRe;, which drives the
electron perpendicular dynamics inside the plasma plume. R.; is the rate of electron-ion collisions which
depends on the plasma temperature and the Coulomb logarithm. In fact, the diffusive electron transport in
the plasma plume is controlled by the Hall parameter y z, which is illustrated in Figure 6 (left). Perpendicular
currents, Eq. (10), are depicted in Figure 6 (right). All currents are zero at the axis of symmetry. I, increases
radially due to collisions, which permit electrons to move outward (see Eq. (8)), but near the plasma edge it
decreases again due to the significant growth of xz. Magnetic field intensity increases there, and collisions
decrease at the same rate as the density drop.

Results from HPMN support the collisionless limit of DIMAGNO as a good approximation for large
values of xz. Both models present a similar response of ug. (Figure 7) as expected, since collisions do not
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Figure 6. Left: Hall parameter xy in the HPMN simulation. Right: Inward-pointing perpendicular electric currents
(Amperes) through magnetic surfaces between axis line and plasma edge surface, both limits are indicated by vertical

dashed-lines (HPMN). Total current I, in black, ion current I; in blue, electron current I. in red. The ion current at
the Helicon source exit section, using the values presented in section IV.A, is 0.23A.

affect up. up to first order. This property varies according to Eq. (7), which in the DIMAGNO limit only
depends on the thermalized potential and the MN divergence.
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Figure 7. Electrons azimuthal velocity log;, (ug.). DIMAGNO (left), and HPMN (right).

Improvements on HPMN, such as ny, progressive reduction, have allowed a fine closure of I. at the
vicinity of the plasma edge, Eq. (10), which was one of the difficulties encountered in the previous version.
Near the plasma edge, large gradients of some plasma properties cannot be captured by the PIC mesh,
producing high electric fields that disturb the behaviour of the PIC subcode. To deal with this problem a
finer PIC submesh will be required in future work, to assess the gentle plasma-vacuum edge, increasing by
far, the computational effort. The coarse grid of the PIC subcode near this region and its interaction with
the magnetic frame (electron subcode), using interpolation algorithms, also explain the unexpected closures
and mismatch of the perpendicular currents.

The global error committed at the MN (HPMN model) can be estimated in terms of the charge conser-
vation law, Eq. (4). This error is lower than 5% for electrons. For ions it is lower than 10% and can be
neglected if ion charge balance is carried out on the full domain. This higher error is attributable to the
interpolation error between the PIC mesh and the magnetic grid at the plasma edge.

Finally, it is interesting to compare the thrust gain due to the MN. Dimensionless thrust of both models
is depicted in Figure 8, using the ion momentum plus plasma pressure at the source exit, Fp, as the ref-
erence value. The monotonic HPMN thrust increase correlates very well with the thrust gain obtained by
DIMAGNO. The last one includes the contribution of ion momentum flux and plasma pressure, while the
thrust computed by HPMN only takes into account the ion momentum flux that flows through each z =const
surface. Despite this difference, HPMN thrust gain is higher than DIMAGNQO’s. Note that a lower thrust
would be expected in the HPMN results because it neglects the plasma pressure contribution. Probably,
this variation is due to the fluid-kinetic conversion of the ion flow injected at the MN throat, which might
introduce a slight error on plasma momentum conservation law.
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Figure 8. Left: MN dimensionless thrust gain F/F; as a function of the MN length z. Fy is the ion momentum plus the
plasma pressure at the source exit section (MN throat). Right:Ion detachment, black solid lines depicts the magnetic
stream surfaces, and blue lines show ions streamlines.

Ion detachment is depicted in Figure 8 (right). Ion streamlines, obtained in accordance with the ion cur-
rent density, clearly detach inwards from the magnetic surfaces. Overall, this result agrees with DIMAGNO,
Refs.® 13 This behaviour also explains the increasing ion current through magnetic surfaces I; > 0 (Figure
6 right). Near the vacuum edge, where density is lower, ion streamlines should move closer to magnetic
surfaces to fulfil the quasineutral-plasma hypothesis.

VI. Conclusion

A comparison between DIMAGNO and HPMN codes, which describe the plasma flow in a magnetic
nozzle, has been carried out in terms of main plasma properties, with the aim to validate the later and
correlate results.

The cleanness and high resolution of DIMAGNO, inherent to the fluid model and method of character-
istics, is unattainable with the hybrid code. Despite this disadvantage, some HPMN results, such as plasma
density, electric potential or electron azimuthal velocity, agree very well with fluid model results. Even the
thrust gain computed by HPMN correlates closely with DIMAGNO.

The central advantage of HPMN is that it introduces collisions in the nozzle flow, and thus allows to
study phenomena not available in DIMAGNO.

Regarding perpendicular diffusion and according to the case simulated here (parameters of Sec. 1V),
HPMN measures a low electron conductivity across magnetic surfaces. This result supports again the
DIMAGNO hypothesis of collisionless plasma.

This work also points out some limitations of HPMN to be overcome in the future. First, the failure of
weighting algorithms if the number of particles-per-cell drops as a consequence of the diverging geometry.
Second, the response of the PIC subcode is slightly perturbed near the plasma-vacuum edge due to the coarse
mesh of the PIC subcode. In this regard, the grid should be refined in order to improve overall accuracy.
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Magnetic Nozzle Far-Field Simulation
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An analysis of the far-field plasma plume generated by a magnetic nozzle is presented,
covering (1) the residual forces on the plasma in the downstream region, (2) the ion self-
detachment from the magnetic field and free-plume formation, and (3) a preliminary inves-
tigation of secondary physical mechanisms that affect the plasma jet. This study is based
on an extended version of our DIMAGNO code that allows simulation beyond the magnetic
nozzle turning point. Results for different magnetization degrees show that ions naturally
detach from the magnetic field and that the bulk of the plasma does not turn back along
the magnetic field, supporting the viability of these devices for plasma propulsion.

I. Introduction

A magnetic nozzle (MN), consisting of an applied convergent-divergent axysimmetric magnetic field, con-
stitutes the main acceleration stage of several advanced plasma propulsion concepts. Illustrative examples
are the Helicon thruster,"* the applied-field MPD thruster®% and the Variable Specific Impulse Magne-
toplasma rocket (VASIMIR).” The purpose of the MN is to harness and control the expansion of the hot
plasma in order to deliver a high-velocity, efficient plasma beam, while keeping plasma-wall contact to a
minimum. The plasma acceleration through the nozzle results in a magnetic reaction force on the magnetic
circuit of the device, producing thrust.® An additional possible advantage of MNs is their ability to tailor
thrust and specific impulse in-flight to different mission requirements by changing the geometry and intensity
of the applied field.

The plasma in a MN can be roughly divided into two zones: in the acceleration region (or near-field),
the supersonic plasma expansion is dominated by the interplay between pressure and magnetic forces. The
largest fraction of thrust is generated here. In the detachment region (or far-field), most of the internal
energy of the plasma has been already converted into directed kinetic energy, and its evolution is subject to
the residual pressure, magnetic and electric fields. At this point, the plasma needs to detach itself from the
imposed magnetic field to form a free plume. Failure to do so would result in a substantial amount of plasma
turning around along the magnetic lines and coming back to the spacecraft, ruining efficiency, attacking
sensitive surfaces, and polluting the environment of the payload.

Modeling and simulation of the different processes in these two regions is fundamental for a good under-
standing of the physics behind the MN, and an essential step towards the design and optimization of a real
device. We have recently studied the acceleration region of the MN with the aid of our DIMAGNO code,
a two-fluid, two-dimensional code of the partially magnetized, collisionless plasma flow.® The influence of
ion magnetization and field geometry, the acceleration mechanisms, the formation of longitudinal electric
currents and the propulsive performances were investigated. Subsequently, a critical review of detachment
theories based on plasma-induced magnetic field, plasma resistivity, and electron inertia was undertaken.? 12

At this stage, characterization of the far-region becomes necessary for a proper assessment of the de-
tachment processes in the MN. This article presents a preliminary study of the MN far-field, limited to
a low-3, quasineutral, collisionless plasma. To this end, DIMAGNO has been extended to allow the sim-
ulation beyond the turning-point of the outermost magnetic streamtube containing plasma, i.e. the MN
edge, hence facilitating the study of the plasma far into the downstream region. The paper is structured as
follows. Section II briefly highlights the main characteristics of the updated DIMAGNO model. Sections

*PhD student, Equipo de Propulsién Espacial y Plasmas (EP2, web.fmetsia.upm.es/ep2), student AIAA member
(mario.merino@upm.es).
tProfessor, EP2, senior ATAA member (eduardo.ahedo@upm.es).
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IIT to V pursue the three-fold objectives of this paper: first, we analyze the characteristics and balance of
the residual forces in the far-field (section III). Second, we assess the detachment and performances of the
produced plasma plume (section IV). Third, we quantify the relevance of secondary effects not included in
the model using a perturbation approach (section V), which will provide a valuable indication of the validity
of the current model and the necessary extensions for a detailed analysis. Finally, conclusions and concepts
requiring further work are gathered in section VI.

II. DIMAGNO model and extension of the code

DIMAGNOQO'’s two-fluid model describes the steady-state flow of a fully ionized plasma in a MN. A brief
overview of its main aspects is given below. For a detailed description of the model, its equations and the
integration procedure, the reader is directed to our previous articles.®? 13 The notation followed in this
paper is the same as the one therein.

The general equation of motion for a simply-charged species j in a magnetic field B is

m;n; (uj -V)'u,j :—V'P+anj (—ng—o—uj X B)+RJ, (1)

where P is the pressure tensor, and R; = £mve;(u; — u.) the corresponding resistive term for each species
(minus sign for ions, plus for electrons). Under the hypotheses of (1) quasineutral (n; = n. = n), collisionless
plasma, (2) fully-magnetized, isothermal electrons of negligible inertia, and (3) cold ions, the longitudinal
and azimuthal ion equations of motion can be written as

2 1 0u?
il 1+ o1 ) = — iB1,, 2
m (Pi L +281Hi ||> eV + eupi Bl | (2)
mirug; + e = D; (¢;) (3)

whereas the longitudinal electron equation is:
0=-T.,VInn+eVe — cup. Bl . (4)

Note that a collisionless, electron-magnetized flow is a requisite for proper magnetic confinement and thus for
an efficiently designed MN thruster. In these expressions, p; and u; are the meridional curvature radius and
velocity of ions, v is the magnetic streamfunction, and D; is a property of the ion streamtube, known from
the initial flow conditions. Here, 1;;, 11, and 1), 1 are meridional unit vectors parallel and perpendicular
to ion and magnetic streamtubes, respectively. Full electron magnetization implies u. = 1) + ugels, and
requires dropping the azimuthal electron equation (which can be used to calculate u, . as a correction® 12).
A consequence of this is electron isorotation,® i.e., uge/r = wee ().

Equations (2)—(4) plus the relevant continuity equations (not shown here) constitute a hyperbolic set
for the supersonic plasma flow that is integrated from an initial section using the method of characteristics
(MoC).8: This approach endows DIMAGNO with high accuracy and speed. The magnetic field is calculated
analytically for any distribution of current loops. For moderate plasma-# cases, the plasma-induced magnetic
field B, (which would make the system elliptic) can also be taken into account with a simple iterative
process,!!t by taking B = B, + B,, with B, the externally-applied field.

DIMAGNOQO’s algorithm has been rewritten to perform the integration in the intrinsic coordinates of
the ion trajectories, instead of propagating the characteristic lines in the cylindrical coordinates with z as
the parameter. This improvement permits to integrate around and beyond the turning point of the MN,
which was previously infeasible when characteristic lines became vertical. Additionally, this upgrade has
proven to enhance integration speed and accuracy, which is measured as the error in conservation of total
ion momentum and energy.

The resulting model depends on the magnetic field intensity and geometry, and the plasma conditions
at the magnetic throat (z = 0 and 0 < r < R). For the sake of simplicity, the field generated by a simple
current loop of radius Ry, = 3.5R, located at z = 0, will conform the MN here. The resulting MN has a
mild divergence as depicted in Figure 1, and a turning point located at (z/R,r/R) ~ (16,23). The current
analysis focuses on MN flows with a simple initial density profile (the one expected to result from a helicon
source!®), low plasma-3 (i.e., negligible plasma-induced magnetic field), negligible initial ion rotation , and
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Figure 1. Normalized magnetic field B/By (logarithmic scale) for the single current loop of radius R; = 3.5R. The

plasma is injected sonically at the nozzle throat (z = 0, » < R). Selected magnetic lines have been plotted. The thicker
line denotes the last plasma streamline in the model. The turning point of the MN has been denoted with a red dot.

different degrees of ion magnetization. The flow is then completely defined given the plasma properties at
the throat: R R
w; (1) = @, (r) = Mocs, @ (r) = ug; (r) =0,
n(r) =noJo (ar/R), uge = — [Te/ (eB)] 01lnn/or

where we will choose My = 1.01 to ensure hyperbolicity in the whole divergent domain, and a = 0.99a¢
(where ag = 2.405 is the first zero of the Bessel function of the first kind Jy). Non-dimensional variables
are obtained by normalizing with e, m;, T, no and R, and are denoted with a hat (e.g. @; = /m;/Teu;).
The intensity of the magnetic field is characterized by the non-dimensional ion gyrofrequency at the origin,
Qo = eB (0,0) R/v/m;T.. Alow magnetization case (simulation 1, with Qi = 0.1) and a high magnetization
case (simulation 2, with Qi = 100 ) will be used in the discussions of the following sections. The low ion
magnetization case yields in practice the unmagnetized-ion solution. These two simulations cover most of
the spectrum of envisaged applications (see tables 1 and 2).

()

m;, Kg  10727-107%5 (H-Xe)

By, G 200-10000
T., eV 5-50
ng, M3 10161020

R, m 0.01-0.1

Table 1. Typical range of main MN parameters, encompassing the wide spectrum of expected propulsion applications.
As an example, the helicon thruster of Ref. 2, operating on Argon or Nitrogen, has By = 1000 G, T. = 20 eV, ng = 7-10'8
m~2, and R = 0.01 m.

Qo 0.04-500
Bo 1078-0.1
X0 10-10°
ley  6-1075-0.08
Apo  1075-1072

Table 2. Minimal and maximal values of the non-dimensional plasma parameters at the magnetic throat, based on
the expected ranges of operation of table 1: ion gyrofrequency ;0 = eBoR/v/m;T.; plasma beta 8y = H()noTe/Bg; Hall

parameter xHo = Qco/Veio; €lectron Larmor radius beo = vmeTe./ (eBoR); and Debye length Abo = veoTe/ (noe?)/R. The
large ratio of the parameter m;/m. is 1837 for Hydrogen and 239327 for Xenon.

3of 11

American Institute of Aeronautics and Astronautics

Distribution A: Approved for public release; distribution is unlimited.



ITI. Far-field force balance

The far-field plasma expansion is presented in Figure 2, where it is seen that density decreases by several
orders of magnitude after the plasma passes the turning point (marked in red in Figure 1). Interestingly, the
largest decrease takes place in the peripheral plasma. Both simulations yield very similar results, suggesting
that magnetization has little influence in the considered range.

n/ng for Qio = 100

n/ng for Qi =0.1
T 70

70 1 1
60 -i /| 60 §
i / i / 10—2
50 : / 50 / £
/ s i s 104
40 f 4/ 40 ;f /{
Q: /( Q: ," /{ 1076
~ 'f" ~ ; /’
=300 ¢ 30 / /,x
A - A 1078
20| . 20| o /, .
10 " 10 el 10~
0 0 10— 12
0 20 40 60 80 0 20 40 60 80
z/R z/R

Figure 2. Normalized plasma density n/no (logarithmic scale) in the far-field plume and beyond the turning point of the
magnetic field. Magnetic tubes have been indicated in dashed lines. Left: low magnetization; right: high magnetization.

Density in the periphery of the plasma is higher in the high-magnetization case.

The forces on the electron fluid control the expansion of the plasma in the MN. According to Eq. (4), a
delicate equilibrium forms between the pressure (—Vp,), electric (enV¢) and magnetic (—enug.B1 ) forces.
All three rapidly decrease as the plasma moves into the far region, as can be anticipated by the evolution
of density in Figure 2. In spite of this, it is found that the magnitude of these forces per unit particle
roughly remains in the same order of magnitude through the far plume, decreasing only at a very low rate.
Figure 3 displays the perpendicular pressure gradient per electron, (9p./d1,) /f, providing a sense of the
magnitude of all other forces-per-particle as well. Throughout the expansion, perpendicular pressure always
acts in the outward direction, i.e., dp./01, > 0, and hence electric and magnetic confinement keeps the
plasma away from the thruster (even after the turning point). In the parallel direction, however, pressure
is only counteracted by the electrostatic forces. The resulting ambipolar electric field, which couples ion
and electron motion, simultaneously accelerates ions. Dashed lines in these plots denote the curves where
Ope/0z = 0 and Ip./Or = 0. They help identify the regions of the plasma where the plasma pressure acts
in the z > 0, r > 0 direction (region under curve (a)), in the z < 0, r > 0 direction (region between both
curves), and in the z < 0, r < 0 direction (to the left of curve (b)). Visibly, magnetization degree has only a
small influence on them in the range under study.

The competition between electric and magnetic forces to confine the perpendicular pressure defines the
character of the expansion. Figure 4 presents the perpendicular magnetic-to-pressure force ratio for the
low and high magnetization cases. While initially only B confines the plasma, perpendicular electric fields
gradually develop and these gain importance until they eventually dominate the magnetic force. The larger
magnetization in simulation 2 results in a larger region of dominance of magnetic forces that extends well
into the downstream region. This is a consequence of ions requiring less F|; field to expand according to
the geometry of the MN, as the perpendicular magnetic force on ions increases the higher Qio is (see section
IV below). Nevertheless, in all cases electric confinement progressively gains in importance in the far-field.
This natural evolution of the force ratio illustrates the smooth transition from a magnetized plasma to a free
plume, where the external magnetic interaction must ultimately become negligible.

Regarding the collective behavior of ions and electrons, the model shows that the residual longitudinal
magnetic force on the plasma (which is the only external force in the MN), albeit small, is still beneficial.
This force continues to confine the plasma locally in the far-field, pushing it away from the thruster even
beyond the turning point and hence contributing (minimally) to thrust. Assuming B, > 0 in (z,7) > 0
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(0pe/11) /i for Qi = 0.1 . (8pe/11) /7 for Qo = 100
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z/R
Figure 3. Non-dimensional pressure force per unit particle in the perpendicular direction, (0p./91,) /n (logarithmic

scale). The lines of dp./9z = 0 (a) and 9p./dr = 0 (b) are also shown in the figure. Left: low magnetization; right: high
magnetization.

ejoeB/ (Bpe/1.) for Qo = 0.1 o €deeB/ (9pe/11) for Qi = 100

60 80
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Figure 4. Magnetic-to-pressure force ratio on electrons in the far-field, ejg. B/ (Op./01.). Electric and magnetic per-
pendicular forces sum up to confine the perpendicular pressure. Left: low magnetization; right: high magnetization.

without loss of generality, the condition for local positive thrust is ug; — ug. < 0, or analogously,

D; (¥i) — ey

m;T

< rwge (V) . (6)

This is fulfilled in a cylindrical hot plasma in equilibrium (as those expected at the MN throat in propulsive
applications), independently of the initial rotation of ions, since the combined magnetic force on ions and
electrons needs to confine the existing pressure. Expression (6) helps find regions of the MN, if any, where
the magnetic force can reverse, i.e., act to expand and decelerate the plasma. Interestingly, this inversion
does not take place in the studied hot plasmas in the region of analysis, not even in the simulation with
Qio = 100 (representative of a practical high-limit case with high wg; and low wg.). In conclusion, the
residual magnetic field in the plume should not be regarded as detrimental, for its absence would result in
less confinement, and consequently, a more divergent plume. Therefore, the lack of magnetic detachment, in
the sense of liberating the plasma from the external magnetic field, constitutes a problem only when/where
Ug; — Uge > 0.

IV. Ion self-detachment and nozzle performance

The motion of ions responds to the geometry of the applied field and the magnetized electron dynamics,
as it adapts to fulfill quasineutrality in the plasma domain. When the (small) centrifugal term in w2, is
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neglected, Eq. (2) indicates that longitudinal ion trajectory curvature radius p; results from a combination
of electric (e £ ;) and magnetic (eug; B);) forces on the ions. A perpendicular electric field develops when ion
magnetization is insufficient by itself to deflect the ion trajectories as commanded by the MN. Clearly, the
high-magnetization case requires much lower perpendicular fields in order to accomplish the ion expansion
(see Figure 4). From Eq. (2), we find that

pi = mz (eELz + equB” ) o ) (7)

which highlights the rapid growth of p; in the far-field as u; increases (see Figure 5), and both the electric and
magnetic fields decrease. This expression predicts an eventual transition to almost conical ion streamtubes,
which gradually separate from their initial magnetic tubes. This trend is observed in Figure 5, which shows
the ion and magnetic streamlines, and ion velocity in the background. It is clear that most of the ion flow
does not turn around with the field.

Additionally, the perpendicular electric field required for the deflection is associated to a large perpen-
dicular rarefaction, as was seen in Figure 2. This behavior is beneficial, as the bulk of the plasma remains in
the core of the plume and hence radial losses are kept small. Only a tiny fraction of the peripheral ions are
required to expand beyond the turning point in order to fulfill quasineutrality in this region. This separation
of ions from the field can be termed ion self-detachment, and facilitates the formation of a free plume.

17,1/’[&10 for QiO =0.1 17,1/’[610 for QiO =100

70 70

60 60

50 50

40 40
& ~
~ ~
~ 30- & 30

20 20

10+ 10 -

0 — O et
0 20 40 60 80 0 20 40 60 80
z/R z/R

Figure 5. Ion (solid) and magnetic (dashed) streamtubes for both simulations. Each pair of lines initially coincide at the
nozzle throat. The tubes of 99% mass flow and initially-coincident magnetic tubes are shown as thicker lines. Normalized
ion velocity u;/u;o (coincident with Mach number M in this isothermal plasmas) is plotted on the background. Left:
low magnetization; right: high magnetization.

Magnetization is a key parameter to the final angle of ion trajectories and to the amount of coming-back
plasma, as observed in Figure 5. Ions remain attached to the field roughly until Q; ~ 1. However, the fast
decrease of §; (£2;/$4 = B/ By, which is plotted on Figure 1) means that, even for the high magnetization
simulation with on = 100, this occurs already before z/R ~ 20. Hence, a much higher on is needed to keep
ions magnetized beyond the turning point (on > 10%). This explains the slow increase of ion attachment
with initial magnetization, and incidentally, also the small differences of n and other variables between each
simulation.

It must be noted that the loss of a small fraction of the jet due to back-flowing is not unique to MNs.
This phenomenon is common and inherent to any jet propulsion system in vacuum, since a fan-expansion
forms at the exit of the thruster to fill the surrounding space and a insignificant amount of propellant
expands backwards.'* The particularity of MNs is that they lack the well-defined “end” that their solid
counterparts have, making it difficult to assign them a clear value of the thrust gain and other performance
figures, while in solid nozzles these can be evaluated at the exit section. These losses are acceptable when
they constitute a negligible fraction of the plume flux. In consequence, a sensible approach to study the
propulsive performances of a MN flow is to focus on the bulk of the plume (e.g., the ion tube containing
99% of the ion flux) and neglecting the plasma outside of it. Figure 6 presents thrust and plume efficiency
of the plasma contained within the 99% ion mass flow tube, resp. Fygy and 7yume 99%- These are defined
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Figure 6. Evolution of thrust and plume efficiency of the plasma contained in the 99% mass flux tube for the low and
high magnetization cases. The lines are plotted against rg99, radius of this tube.

as integrals on z = const sections from the axis to r = rggy (2), the radius of the 99%-flux tube,

f’“gg%(z)
0

nr (mzugl) dr

T90%(2) 9
Fogo, (2) = 27r/ nr (miuzi + Te) dr, Nptume,09% (2) = (8)
0

o )
forgg/“('z) nr (miu?u,;) dr
and can be calculated at any z (as long as the 99% mass flux line does not turn around). These plots indicate
that a higher @,y leads to worse MN performances, in agreement with Ref. 8, and also suggest that the rate
of variation of these values progressively decreases downstream, where both thrust and efficiency become

almost constant (apparently approaching free plume values).

V. Other far-field phenomena and model validity

Apart from the dominant forces described in section III, a number of additional physical effects are
present in the plasma, but have been neglected in the model. Although these effects are negligibly small
in the near-field of an efficient MN, their role may gain importance or even dominate the expansion in the
far-field as the ordering of terms changes in the plasma equations. A careful look is required in order to
assess the range of validity of the model, find out which hypotheses are likely to break first, and improve our
understanding of how plasma evolves in the plume.

This section aims to explore the significance of the following phenomena in the downstream region: (1)
the plasma-induced magnetic field, (2) ion-electron collisions, (3) electron finite Larmor radius (FLR) effects
and (4) non-neutral effects. The approach followed here is to analyze the magnitude of these effects as a
perturbation to the solution of the ideal model of section II. The forces of all these effects are essentially
plasma internal interactions, and as such they can alter the plasma flow but do not directly participate in
thrust generation. The interaction between plasma azimuthal currents and the applied field is still the only
externally applied force and the only source of thrust in the MN.® In addition to the enumerated effects,
others such as the presence of ambient particles or background fields could also affect the plume, but these
will not be discussed here.

The plasma-induced magnetic field B), created by the azimuthal currents was studied in Ref. 11 in the
near-field of a medium-$ plasma. There, it is shown that the relevant parameter for the quantification of
B,/B, is the local beta 3 = pon/B?, which has been plotted in Figure 7 for simulation 1 based on the
solution of the ideal model. Notice that the ratio 5/8y behaves alike in both simulations due to the similar
distribution of density n in the far-field. This figure indicates that induced field effects progressively and
monotonically become more important in the far-field in the bulk of the plasma, since n decreases slower
than B? there. This means that, eventually, a region of 8 = 1 will occur downstream, and B, will dominate
in the plume thereafter. The induced magnetic field affects mainly the core of the plasma (denser), while
leaving the peripheral plasma near the MN edge essentially unaffected. The tendency of B, (diamagnetic
character with respect to B,) is to expel the field out of the plasma domain. Our preliminary analysis of
B, (Ref. 11) showed that this increases the divergence rate of the nozzle, and can give rise to magnetic
separatrices and field-reversed configurations in the plume. A detailed study of these possibilities will be
object of future work.
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Figure 7. Relative plasma beta § in the MIN (logarithmic scale; based on the unperturbed solution), for the Qo = 0.1
simulation. The normalization with respect to y allows to remove the dependency on the initial conditions. This figure

is essentially the same in the Q;o = 100 case, as density behaves similarly in both (see Figure 2). The expected range of
values of 3y can be found in table 2.
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Figure 8. Relative cross-field electron diffusion velocity due to collisions, ui./u|. (as a perturbation to the ideal

solution), for the Q;o = 0.1 simulation. The normalization with QiOXHO helps this figure describe both simulation cases,
as xu/xHo (and, consequently, the value plotted here) behaves very similarly in both. xpo expected range can be found
in table 2.

Collisions can facilitate the outwards diffusion of electrons across the B field.”'© An adequately high Hall
parameter x g = Q¢ /Vei, with ve; x n/ Te3 / 2, ensures negligible plasma resistivity effects, since the cross-field
velocity is u . = uge/xnm (see Eq. (6) of Ref. 9). The Hall parameter x  remains almost constant in the core
of the plume and increases several orders of magnitude in the rarefied, peripheral plasma. Note that, due to
its dependency on uge, the cross-field diffusion u, . further decreases for higher 2,9, because the azimuthal
velocity satisfies tge o< 1/ Qio. In first approximation, u . can be calculated as a perturbation to the zeroth-
order solution. The ratio u, ./@.—which measures the local electron- magnetic field separation—is shown in
Figure 8. This ratio increases slowly downstream for intermediate radial positions in the plasma, suggesting
that electron trajectories can ultimately separate outwards from the magnetic field in the far plume, as u |
becomes more important due to collisions. Consequently, this means that resistivity can eventually break
the weak residual magnetic confinement in the far plume.

Electron FLR effects (or electron inertia) can also affect the electron trajectories, separating them from
the magnetic field. At least one of the multiple FLR effects detaches electrons outwards of the magnetic
field,” 1012 thus increasing the effective nozzle divergence rate in a similar fashion to collisions. A small
ratio of electron Larmor radius (¢. = /T.m./ (eB)) to electron meridional curvature radius, £./p., indicates
proper electron magnetization and inconsequential electron FRL effects.!? This ratio is displayed in Figure 9,
where it can be seen that the largest increase takes place in the periphery of the plume, and well beyond the
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Figure 9. Larmor-to-curvature ratio for electrons, ¢./p. (logarithmic scale). The plot has been normalized with leo
to remove the dependency on initial plasma conditions and field intensity, making this graph equally valid for both
simulation cases. Based on the full electron magnetization solution, p. = pp, where pp = (B/B - V) (B/B) is the magnetic
curvature radius. Table 2 contains the expected range of values of lep.

MN turning point. Consequently, initially well-magnetized electrons (i.e., Uy < 10~2) remain so in most of
the far plume, as electron FLR effects grow very slowly in the downstream direction.
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Figure 10. Relative charge density o,. The factor )\5(2] removes the dependence on initial conditions. Left: low
magnetization; right: high magnetization. Table 2 contains the expected range of values of Abo-

Lastly, the strong rarefaction that takes place in the plume—and specially near the plasma edge—can give
rise to non-neutral phenomena, breaking the hypothesis of quasineutrality. Quasineutrality was established
to substitute the Poisson equation,

coV2h = e (ne —ng), (9)

with n; = n. = n. The adequacy of this assumption can be checked quantitatively by analyzing the relative
charge density aq = (n; — ne) /ne that results from introducing the potential ¢ of the quasineutral solution
into Eq. (9),

aq = —)\DO ot (10)

where Apg is the Debye length of the plasma at the origin. The relative space-charge in the MN is displayed
in Figure 10. Clearly, it is negligible in most of the domain for the expected application values of Apg (see
Table 2). However, the large increment near the border of the plasma jet after the turning point suggests
that non-neutral effects can be important in this region and that the quasineutrality hypothesis does not
hold except for the coldest, densest plasmas (smaller Apg). Magnetization seems to play a little role on this
in the considered range. Non-neutral effects in the periphery of the plasma plume will certainly modify the
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quasineutral solution, as they set a bound to the increase of the perpendicular electric field, which is the
responsible of pushing sideways the ion flow. Therefore, they are expected to further enhance ion detachment
from the magnetic field. A detailed study is needed to clarify the consequences of the non-neutral region.

As a final comment to this section, electron cooling (not contemplated in the current model due to the
lack of information on the evolution of the electron energy distribution function, and at any rate expected
to be small-—see for instance Ref. 16) would contribute to reduce the plasma beta 3, slightly increase the
collision frequency v.;, and reduce electron Larmor radius ¢.. Additionally, the discussed mechanisms can
interact with each other. For instance, the induced magnetic field B, tends to counteract the applied
magnetic field B,, thus resulting in a lower effective magnetic field, a lower Hall parameter xz, and hence
a more important role of collisions.

VI. Conclusions and future work

An analysis of the far-field plasma plume of a magnetic nozzle has been carried out, covering the expected
application range of ion magnetization. The balance of residual forces, the gradual detachment of ions, and
nozzle performances, have been studied thanks to an improved version of our DIMAGNO code.

Pressure, magnetic and electric forces per particle are all comparable in the far region. Magnetization
strength has a large influence on the extent of the region where magnetic forces dominate confinement. As the
free-plume forms, the confining electric force gradually gains importance. A criterion was presented to assess
whether the applied magnetic field is locally beneficial or detrimental for acceleration and confinement in the
plume. This condition was always met in the region under study for all magnetization degrees considered.

Ton and magnetic streamtubes closely coincide until Q; ~ 1 roughly, after what ion tubes separate and
become almost conical as u; grows. This result highlights that “plasma detachment” does not constitute an
issue in the operation of a magnetic nozzle, as the bulk of the plasma naturally separates and forms a free
plume. Indeed, only a negligible amount of plasma (< 1%) turns around along the magnetic lines in the
studied cases.

Additionally, a preliminary investigation of secondary physical mechanisms in the far plume has been
performed using a perturbation approach. The region of validity of each model hypothesis has been discussed
based on the throat value of certain parameters. The rapid increase in plasma beta 5 suggests that induced
magnetic field will likely be the first effect to modify the solution in the expected operation regimes. The
demagnetization that ensues can enhance other secondary effects such as collisions and electron inertia. Also,
we have argued that quasineutrality may not be met at the plasma edge beyond the nozzle turning point.

A more detailed study of these effects must follow to ascertain these results, to better understand their
role in the plume formation, and to preclude any negative interaction among them. Other phenomena that
have to be carefully examined as well are the influence of ambient plasma and background fields, and the
evolution of the electron energy distribution function. Our group is currently developing a hybrid PIC/fluid
code named HPMN for the advanced simulation of collisional magnetic nozzle flows,'” which is proving to
be a valuable tool to investigate these aspects.

In summary, all results support the applicability of magnetic nozzles to space propulsion as an efficient
mechanism for plasma acceleration and collimated plume formation thanks to the self-detachment of ions.
Furthermore, the magnetic field should be kept to a minimum while complying with all other requirements
for proper operation, in order to reduce the free-plume divergence angle and to improve overall performance.
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A fluiddynamic performance model of a helicon
thruster
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A helicon thruster consists of a cylindrical helicon source, where the plasma is generated
and heated, and a magnetic nozzle, where the plasma beam is accelerated supersonically.
Two dimensional models of the plasma flow inside the source and in the external magnetic
nozzle are derived, for a known amount of absorbed power from rf waves. 2D plasma
structure and response inside the source are described, comprising the processes of neutral
depletion, losses to chamber walls, and backward and forward flows. Conditions for high
propellant utilization and high current efficiency are determined. The matching with the
magnetic nozzle model yields the overall characterization of helicon thruster performances
in terms of power, thrust and efficiency.

I. Introduction

Research in the helicon plasma thruster (HPT) carried out during last years suggests this kind of thruster
as a candidate to gain a share in space propulsion. Different prototypes have been tested [1-4]. Opportunities
in this challenge remain largely on the thrust efficiency figure. Recent studies [5,6] have measured the thrust
of a low magnetic field HPT, obtaining a thrust efficiency below 5%. However, other authors [2, 3] claim
that good thrust efficiency can be achieved. The possibility of operating with different propellants and the
lack of electrodes are other valuable assets of the HPT. Otherwise, the complexity of the physics involved,
plasma-wave interaction coupled with the flow dynamics of the magnetized plasma, has forced, so far, to
analyze separately each physical process within the HPT.

Summarily, a helicon thruster, Fig. 1, can be divided into two parts: (i) the helicon source where plasma
is produced (purple coloured) and (7i) the magnetic nozzle (MN) in which plasma is guided and accelerated
(blue coloured). In the sketch and in the simulations presented later, a Maxwell coil set is used to generate
the magnetic field in the source and in the MN. This kind of coils arrangement produces an almost constant
(V |B] ~ 0) axial magnetic field along the dielectric tube (light green), that diverges smoothly downstream,
forming the MN.

Figure 1. Helicon thruster sketch (left) and splitting into source and nozzle (right), labelling each part or
main dimensions.

Inside the source, the plasma is quasineutral except at Debye sheaths, AB and QW, attached to the
rear and lateral walls, respectively. At the source exit section E the plasma is assumed to flow sonically.
Source and whole thruster efficiencies depend on the ionization degree reached inside the source. Along the
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MN, from E until collecting plate P, the plasma beam is accelerated supersonically. As discussed later, the
helicon thruster power balance, under the isothermal plasma hypothesis, requires to consider the whole cloud
of confined electrons. For this reason and lacking a plasma detachment model, the conductive plate P has
been included to close downstream the problem; a Debye sheath DP develops at the plate.

Tt is suitable to split the helicon thruster plasma physics in two mechanisms: (i) the plasma-wave inter-
action and (7i) the plasma flow dynamics. Regarding the first mechanism, an external antenna (not sketched
in Fig. 1) is wrapped around the dielectric tube. This antenna emits RF waves which propagate within
the plasma as helicon waves [7]. Thanks to plasma-wave interaction mechanisms, electromagnetic power is
absorbed by the plasma [8-10]. The plasma-wave interaction process is not considered here: we will just
assume that the plasma absorbs a power P, from the rf emission. This work is devoted exclusively to study
the plasma flow dynamics.

The previous description of HPT parts, points out the possibility of dividing the HPT fluid model into
‘source’ and 'magnetic nozzle’ models. Furthermore, plasma properties in each sub-domain are different,
allowing to assume different hypotheses. First, a 2D axisymmetric model of the source is derived following
a variable-separation procedure in the radial and the axial direction. This technique was applied succesfully
by Ahedo et al. [11] in a Hall thruster. Fruchtman et al. [12,13] where the first to apply it to a helicon source.
Later, Ahedo [14] introduced several improvements and modifications in that model, such as: a 2D model of
neutral depletion, a more consistent model of radial dynamics, an analytic solution of axial dynamics, and
parametric studies of source performances.

Fruchtman et al. [12] proposed cleverly that the relation between the constant plasma temperature T, and
the absorbed power could be obtained from a global energy balance. However, they consider only the plasma
source region for that balance. Here, we will show this to be inconsistent: the whole plasma region (i.e.
source plus MN) needs to be considered for that balance. To achieve this purpose, the MN model of Ref. [15]
is here matched with the source at section E. As commented before, plasma properties in the MN admit
to modify partially some hypotheses. The MN model assumes the supersonic expansion of a collisionless,
fully-ionized plasma. A slight mismatching between source and MN models might introduce a discontinuity
in plasma properties at E. Nevertheless, if propellant utilization is high enough, the mismatching is small
and overall performances in terms of thrust efficiency and power contributions are obtained.

The rest of the paper is organized as follows. Section II derives the helicon source fluid model. Then,
sections III and IV provide, respectively, the plasma structure within the source and its performances. The
matching between the source and the MN is presented in section V, in which overall thrust and power
balances are carried out. Finally, main conclusions are summarized in section VI.

II. Helicon source plasma model

This model is basically the one derived in Ref. [14] so only a summary is presented here. An axisymmetric
plasma is immersed in an axial magnetic field B = B1,. The zero-Debye limit is invoked because plasma
density is assumed high enough. Consequently, quasineutral plasma n, = n; is assumed except in Debye
sheaths. At the same time, plasma density is also low enough to assume the zero-beta limit, neglecting
any induced magnetic field. Electrostatic sheaths, AB and WQ), are attached to the dielectric walls. Bohm
criterion must be satisfied at sheath edges, B and Q. At the rear wall A, neutral gas 77 is injected and ionized
due to collisions along the dielectric tube of length L and radius R < L.

Continuity and momentum equations, which describe the fluid-dynamic macroscopic behaviour of the
plasma, are written down for the three species: ions (i), neutrals (n) and electrons (e),

V:(neue) = V- (njwy) = =V - (npun) = nenpRion, (1)

V- (mjnjuyuy) = —VTin; —¢;nVeo + ¢jnju; x B —S;. (2)
Here: n is the density; u is the velocity; m the mass of the particle; T the temperature of each specie; ¢ is
the electric charge; ¢ is the ambipolar electric potential; S; includes momentum-transfer collisions, such as
ionization (hereafter ion subscript) and elastic electron-ion (ei), ion-neutral (in), and electron-neutral (en)
collisions; R; (I = ion,ei,in,en) is the collisional rate of the different processes, and expressions are given in
Appendix of Ref. [14].
Reference [14] explained the variable-separation method. The following hypotheses and conventions are
made: electrons are isothermal; ion and neutral pressure are neglected; u,, = u,1, and n,(r, z) = n,(2);
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there is local current ambipolarity, j — jo1lg = 0; plasma density is decoupled as n(z,r) = n.(2)n,(z,r), with
fOR rn,.(z,7)dr = R?/2; the electric potential is decoupled as ¢(z,7) = ¢.(2) + ¢.(z,7); and radial gradients
are much higher than axial gradients. These assumptions lead to define axial and radial models coupled only
through the wall-recombination function S, (2) = n,14,(z), where v,,(2) is the effective frequency of plasma
recombination at the wall. As explained later, it is also the eigenvalue of the radial model. Next subsections
present axial and radial models, listing equations that drive the behavior of the plasma.

A. Axial equations

The set of equations that control the axial behaviour along the dielectric tube becomes:

N2z + Nplin = go, (3)

(2 - uﬁ)a;; = (s — Un)UzNp (Rin + Rion) + 2(nRion — V), 4)

(€2 =) 5% = = s (i Raon = ) = (2 = ) (B + i), o)
i O = [t (et 1) (112 = ) ] (6)

Here: go the mass flux, ¢s = \/7T./m; the sonic velocity, a,, is an adjustable parameter that retains the
momentum loss/gain due to recombination at the lateral wall. The set of equations is solved for n, u,, ny,
and u,, with the following boundary conditions,

UzB = —Cs, UzE = Cs, UnB = Uno, 90 known; (7)

Uno is the neutral velocity at section B. The above equations yield that the main dimensionless parameters
that controlling the axial behavior of the plasma are

L* - CsunO/Rion.907 Rin/Rionv U7L0/057 Qi (8)

The recombination parameter v, /n, R;,, also controls the axial plasma response but it is determined by the
radial model.

An analytical solution of the axial is found invoking the asymptotic limits of high magnetic confinement,
Vi [nn Rion < 1, and low ion collisionality, Ry /Rion < uno/cs < 1. That solution is

Up = Un0, k = tangv &nz = 277u C082 ga o np=1— N sin 2€a (9)
Cs g0 90
83 1 — tan2 ¢’
L / Aotantd e (10)
L, —x/a 1 — My sin2¢’

with n,, = g/ the propellant utilization, and & an auxiliary parameter in the interval £ € (—m/4, 7/4).

B. Radial equations

The radial model was extensively discussed in Ref. [16]. Main equations are

10

;E (TTLTAUTA) = NyVy, (11)
Ouy ,0lnn, eB Me 42
r = —C. _ — T Tin Rin Rion T 19
or Cs or miUO‘i‘mi ” Ny, ( 4 )u (12)
n b Ugu
’Uq-ai: = Eur - [nn (Ren —+ Rion) + nRei] Uy — QT 7" (13)
oJon Olnn w2
e ad: = 1—7e 8r T + eBu‘g — mETG' (14)
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Here, v, is the eigenvalue that assures the correct plasma flow balance. Equations are solved for n,., u,,
Uy = Uge, and ¢, with the following homogeneous boundary conditions at the axis of symmetry,

Up = up = ¢ = In(n./n.-(z,7 =0)) =0. (15)

Radial integration is carried out, in different cross-sections (i.e. different z), from the axis until the transition
to the Debye-sheath Q. There, u,, must fulfill the Bohm criterion setting properly v,,. The radial structure
of the plasma is divided in three regions from the axis to the lateral wall. The bulk diffusive quasinetural
region, a thin inertial layer where finite Larmour-radius effects cannot be neglected and the Debye sheath.

An analytic solution of the main, bulk region also exists. Here, the asymptotic limit is the high-magnetized
regime wyp > v.. Moreover, the effective frequency of electron collisions v, = nRe; + NpRen + N Rion
must be assumed radially constant v. = const. Whereas in the complete model, v, varies radially due to
Vei = Ny (2,7)Re;. This limit yields,

n-(z,r)
n,(z,0)

Ur Wi

= Qg (16)

r ) Ur Vewy Ji (aor/R) g
Lo wpy, Jo(aor/R)" ce  cs ve

=0 (w0 B
being ag ~ 2.405 the first zero of Bessel function Jy, ¢, = /Te/m. the thermal electron velocity, and
wy, = ¢/ R the radial transient frequency.

ITI. Plasma structure inside the source

This section shows main results of the 2D source model derived above. Axial, radial and 2D plasma
structures are detailed. First of all, geometric and operational parameters are listed. The first group
includes the tube length L = 10cm and its radius R = lem. On the other hand, operational parameters are
the mass flow 1 = 0.1mg/s, the plasma temperature T, = 10eV, the neutral velocity u,o = 350m/s and the
magnetic field B. Two cases are studied: case 1 with B = 200G and case 2 with B = 600G. In both cases,
all other parameters are maintained constant. a,, = 1 is assumed here.

A. Axial response

Neutral depletion, Fig. 2(a), is governed by plasma ionization, vion & npRion(Te), and wall recombination
Vw-. Higher temperatures and magnetic fields, and longer tubes improve the propellant utilization 7,,. Plasma
density, Fig. 2(b), presents a peak near u, ~ 0 as indicated in Fig. 2(c). The positive gradient of the plasma
density close to B is due to ionization; the negative gradient in the forward flow region is related to the plasma
acceleration. Case 2 solution is almost indistinguishable from the analytical one (dashed line) because plasma
parameters agree with asymptotic limit hypotheses. Otherwise, case 1 is more influenced by the role of wall
losses in the plasma axial dynamics, Fig. 3(a), resulting in a worse correlation with the ideal-analytical
solution.

0.2 04 06 0.8 1
z/L

Figure 2. Blue solid line refers to the Case 1 (200G), red line refers to Case 2 (600G). The dashed line depicts
asymptotic solution. This color-linestyle code is maintained in all other figures presented in this section. Fig.
2(a) depicts neutral depletion n, (m~3). Fig. 2(b) plots the plasma density axial profile n, (m~3). Plasma
velocity response u./cs is showed in Fig. 2(c).

Effective electron collisions v., Fig. 3(b), which steer the plasma radial dynamics, decrease along the
chamber, thus increasing radial magnetic confinement. Note that v, ~ v, (2) near B and v, ~ v.;(z,r) near
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E. In other words, v, is dominated by electron-neutral collisions near B, where neutral density is still high,
and this allows to assume that collisions are radially constant. On the other side, close to E, electron-ion
collisions dominate. Consequently, the hypothesis of radially constant collisions cannot be assumed.

1
(a) 2 (b)
0.8
< 15
206 S
N ~
~ ~
So4 N
0.2 05
0
0 0.2 04 06 08 1 0 02 04 06 0.8 1
z/L z/L

Figure 3. The role of wall losses is estimated in Fig. 3(a) in comparison with ionization rate v, /vio,. Fig. 3(b)
depicts the axial variation of the dimensionless electron collisions frequency v.R/cs, necessary to estimate the
radial magnetic confinement.

B. Radial response

Fig. 4(a) depicts plasma density profiles at the rear section B. There, case 2 is in agreement with the
asymptotic solution proposed by Ref. [16], because both wy;, = eB/\/mem; > v, (highly-magnetized plasma)
and ve(z,7) ~ Ven(2) (radially-constant collisions). Case 1 does not fulfil the analytical solution because
wip ~ Ve. Fig. 4(b) refers to section E, where v.(r) ~ vi(r) « n, makes these profiles more steepened.
Profiles of u,(r) in Fig. 5(a) illustrate the high magnetic confinement of the plasma. Taking into account
that —ed ~ m;u2/2, last results point out that radial electric field is only important in a thin inertial layer
preceding the Debye sheath. wug(r) develops thanks to collisions, Fig. 5(b). The azimuthal plasma current
provides the magnetic force that sustains the large radial density drop as in a #-pinch.

(a) (b)

1 1 o S~ ~
S0 =10 N
N N
IS I
< <
S 107 S 02
1
- g
10 . . . . 10 . . . .
05 06 07 08 0.9 1 05 0.6 0.7 08 0.9 1
r/R r/R

Figure 4. Fig. 4(a) depicts the plasma density radial profile in a cross section located at the rear part of the
tube, close to B. The same property is shown in a section close to E, Fig. 4(b). Profiles are dimensionless,
using as a reference value the density at the axis line (z,7 = 0)

C. 2D density distribution in the helicon source

A 2D map of the plasma density is presented in Fig. 6. It is the natural response of the 200G case.
Large gradients of the plasma density appear close to all walls. Radial gradients increase with magnetic
confinement, in fact with the effective Hall parameter wy;,/v.. Axial gradients close to A/B are due to
electrostatic confinement and drive the backstreaming flow, which has been depicted in Fig. 2(c).
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Figure 5. Fig. 5(a) plots the radial velocity u./cs. Fig. 5(b) shows the radial profile of the electron azimuthal

velocity.
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Figure 6. 2D plasma density distribution
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IV. Source Performances

Assessment of the helicon source efficiencies is carried out in terms of the propellant utilization 7, and
the production efficiency n,,

mig
mia + Muw + Mg

p = (18)
Propellant utilization measures the amount of ionized gas ejected through the exit section E relative to the
injected mass flow. On the other hand, production efficiency compares the ionized gas flowing through E
relative to the total amount of ionized gas produced inside the source.

Eq. (10), derived in the axial analytical model, states that 7, increases with T, L and rn. High efficiencies
Ny > 0.95 require L, > 2.5 as shown in Fig. 7(a). Figure 7(b) plots 1, — B curves for different electron
temperatures. The knee of each 7, curve separates low-utilization regimes (low-magnetized plasmas) from
the high-utilization regimes. Note also, even for very high magnetic field intensities, high-utilization regimes
are limited by the plasma temperature, noticeable in the case T, = 7 eV, in which ionization is compensated
by wall losses, limiting the maximum 7, available. Fig. 7(c) indicates that the flow to the rear wall should
be reduced because it represents almost 50% of 7, losses. If a perfect magnetic screening is assumed at the
rear wall, 77, may reach values over 90% within the typical range of magnetic field intensities 500 — 1000G.

V. Matching with the magnetic nozzle

The source model matches the 2D MN model of Ahedo and Merino [15], which provides the supersonic
plasma expansion. Currents developed at the plasma plume are closed at P, where ¢p =const. This

6 of 10

American Institute of Aeronautics and Astronautics

Distribution A: Approved for public release; distribution is unlimited.



(a) (b) (c)

0.8 0.8 0.8 e
1
1
0.6 06 06 !
S S S
0.4 0.4 0.4
— eV
02 02 —10eV ] 0.2
— 15V
0 0 : ‘ 0 ‘ ‘
1 15 2 25 3 35 4 0 500 1000 1500 () 500 1000 1500
f(n) =L/L. B(G) B(G)

Figure 7. Fig. 7(a) plots the law of Eq. (10). Propellant utilization as a function of the magnetic field is
depicted in Fig. 7(b) for different values of the electron temperature. Fig. 7(c) shows the differences on the
production efficiency if the backstreaming flow is neglected (dashed line) thanks to an hypothetical screening
system (This example uses the Case 2, 600G, as the reference case, solid line).

potential is solved from a fluid-kinetic formulation at the sheath transition D. MN model hypotheses have
been commented partially in Sec. I. Other essential hypotheses are listed next. This fluid model of the
plasma expansion assumes: (i) fully-magnetized electrons whereas ions are partially-magnetized; (4i) the
plasma is current free; (iii) current ambipolarity is not sustained within the plume. (iv) the flow at E must
be parallel to the magnetic field streamlines; and (v) the ion Mach number slightly supersonic, in order to
fulfill the requirements of the hyperbolic MN model.

Taking into account all hypothesis enumerated above, only the bulk region /R < 0.98 of the plasma
flowing through E is considered. It supposes a small mismatching in the continuity, momentum and energy
laws. The error committed is smaller than 5%. The plasma density distribution along the complete device
is depicted in Fig. 8. It shows how density varies much less inside the source than in the plume, where it
may drop up to 4 orders of magnitude, presenting a high radial rarefaction.

log(n/ng)

0 . . . .
-10 -5 0 5 10 15 20 25 30
z/R

Figure 8. 2D map of the plasma density in the whole thruster log(n/ng). Case 1 - 200G. Plasma density
reference defined as ng = go/cs.

After obtaining MN results it is possible to evaluate both the power balance and the total thrust, as well
as partial contributions to this thrust. Next subsections presents these balances.

A. Energy balance

Energy balance in the whole thruster determines the relation between the absorbed power P,, the constant
temperature of the electron cloud, and the length L,, of the MN region. Obtaining an implicit law P, =
Pu.(T., L) as Fig. 9(a) illustrates. The most general form of the energy equation, grouping all contributions
of all species becomes

V-P=j-E+P,— Py, (19)
where . n n
P(z,r) = Enmluiun + 2 [mlufuZ + (meuze + 5Te)ue] +4q., (20)
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Qe is the heat flux, j - E is the electric field work, P, the absorbed power density, and Pj,, is the the power
density for ionization and excitation processes, defined as

v
Pion = Eion

My Rion =V - (Ez{onnui)v (21)

with E!, the effective ionization energy (see Appendix of Ref. [14]).
Equation (19) can be easily integrate over the whole domain, yielding

Pion+Pwall+PP:Pa- (22)

where P, is the absorbed power from the wave, P;,, groups ionization and excitation energy losses, Py =
Pa + Py groups losses at tube rear wall A and lateral wall W, and Pp is the plasma power impacting at
plate P. The three magnitudes on the left-hand side on Eq. (22) depend on T; additionally, Pp depends on
the length L, of the MN region.

If T, = const, P, increases as MN length is extended, because Pp rises monotonically in this MN
isothermal model. Reciprocally, T. decreases for longer MN and P, = const. At L, = 0 (i.e. the plate
is at the exit of the source), the difference between P,, case 1, from that obtained in case 2, responds
to the lower production efficiency of the source, penalized by wall losses and ionization of the recombined
flux, Pyan + Pion =~ 0.7P,, see Fig. 9(b). Case 2 is shown as an efficient case, Pp ~ 0.40P,. Ionization
cost is similar in both cases Pi,,/P, ~ 0.3. The absorbed power obtained in these results belongs to the
range 50 — 100W. It is in accordance with experimental devices that use similar operational and geometric
parameters, such as the one in Ref. [17].

0.45
90 : : : : :
(a)
85| ]
go| ]
o ]
70t
as
65|
60 /
% ] %% 5 10 5 20 25
%% 5 10 15 20 25 Ln/ R
Ln/R — Pp/Fa{200G)  ====== Froattf Fa Pan(Fy Case?

Figure 9. Fig. 9(a) plots the obtained power absorption law P, = P,(Ly,Te. = 10eV). Fig. 9(b) shows the ratios
Pp/Pay Pyait/Pa and Pion/Pa.

B. Thrust balance

Finally, regarding the thrust balance, this research focuses the effort on breaking down all contributions to
the total thrust F,

F= Fpres + Felec + Fmag- (23)

As Eq. 23 indicates, three contributions can be taken into account. First, F},,.s includes the thrust due to
the pressure on the helicon source walls, mainly at the rear section A. Moreover, a small negative contribution
is due to the loss of momentum at the lateral wall as a consequence of plasma-wall recombination. The second
term, Fyg. is the electric force between the negative electric charge at surface A and the positive electric
charge at sheath AB. The third contribution, F},.,, comes from the thrust gain due to the MN, as a result of
the interaction between azimuthal plasma currents and the magnetic circuit (i.e. applied divergent magnetic
field).

Naturally, the thrust contributions are related to the axial momentum flow of the plasma at different
sections z = constant, defined as

Ry (2)
F.(z) = 27r/0 drrM,.(z,r) (24)
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where M = Zk:i o.n MEnpupug + pel is the plasma momentum flux tensor. From this definition, it is
possible to relate each contribution in Eq. (23) with the axial momentum flow evaluated at sections E and
D,

FZE - Fpres + Felec7 (25)

F.p=F. (26)

Therefore, Fiag = F.p — F.g. Finally, with the computed thrust ' = F(L,,,T.) and the absorbed power,
the thrust efficiency 7 is defined as follows,

F2
T 2P,
Figure 10 plots n = n(L,,T. = 10eV'). In the highly-magnetized case (600G) thrust efficiency is over 20% if
L./R > 14.

U (27)

0 5 10 15 20 25
L,/R

Figure 10. Source + MN thrust efficiency n

VI. Conclusions

A 2D fluid model of the helicon source has been derived and matched to a similar model of the magnetic
nozzle. Attention has been given to the 2D neutral depletion and the plasma confinement from rear and
lateral walls of the source. Source performances are given in terms of the propellant utilization and production
efficiency. Ranges of design and operational parameters for optimal performances are identified. Analytic
solutions compare well with numerical solutions within appropriate parametric ranges.

The matching of the source model with a divergent MN model has allowed the first complete characteri-
zation of the plasma discharge in a helicon plasma thruster. Additionally, it has allowed to solve a previous
inconsistency in relating the plasma temperature with the absorbed power, which turns out to involve the
plasma expansion in the MN. The different contributions to the thrust and the energy balance have been
analyzed. Encouraging values of the thrust efficiency are obtained.

Further work should try to couple this plasma flow model with a 2D model of the plasma-wave interaction,
in order to ascertain the validity of the assumptions made in the flow model here or how they should be
modified. For instance, a non-Maxwellian distribution function of electrons could modify the results. Also,
a downstream plasma detachment model would allow us to avoid the downstream plate included here.
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Magnetic nozzles in plasma thrusters

. . . . Andersen, 1969
A magnetic nozzle is an applied, o ( @ )
divergent magnetic field that o
channels and accelerates a plasma s 20 %

f
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(b)

1
» Itis being proposed as the 3
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Magnetic nozzles in plasma thrusters

Helicon
thruster
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What is a magnetic nozzle ?

* From hot gas expansion in solid (de Laval) nozzles, we know:
— There is energy conversion of ‘internal’ into "axial kinetic’
— supersonic gas in divergent nozzle
— There is a thrust gain from the gas pressure on the divergent walls
* We expect both phenomena to occur in a magnetic nozzle (MN)
* Nonetheless:
— Plasma expansion is more complex than gas expansion
— Plasma expansion is strongly 2D
— Different sources of internal energy in plasma — different MNs
— MN has no walls: '
* No energy losses, no heat loads !!
Thrust gain mechanism is totally different
— Eventually plasma must detach from ( “$uo @
turning-back magnetic lines

UOLOW uo|
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DIMAGNO: A 2D plasma/nozzle code

e UPM code, first version in 2010: Phys. Plasmas, vol 17, 073501,
» Supersonic plasma expansion in 2D divergent magnetic nozzle
e Multi-fluid model

e Source emits at the MN throat a sonic, fully-ionized, current-free, hot
plasma (relevant to propulsion in vacuum)

« Partially-magnetized, cold ions (consistent with thruster designs)
* Fully magnetized, hot electrons (i.e. energy stored in electrons)
e To be removed later:

— m,/m;~10* — electron o
inertia neglected <l 140
— Pressure-ratio=p « 1 — :
induced field
06
effects neglected :
Sonic =>02§ .
plasma jet => 0~ '
0 05 1 15 2 25
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2D plasma expansion

* Quasineutrality + Partially-magnetized ions — E,,, develops — non-

uniform 2D plasma — Relative focalization of density profile
» 0-pinch balance on electrons: pressure force = magnetic force + electric force
No Boltzmann relation along 1., !!!
» Magnetic force confines electrons — j, is diamagnetic

(4]

Magnetic force density

15 3
4 2 B
i - 0.8
-2.5 1
3
2 . 0.6
-3.5
2 0.4
3 1 0.2
=04
= 56 4 |
0.2 6 :\ ! 0 0
g : ; <At 0 2 4 6 8
o] 0.2 0.4 0.6 0.8 1
/Ry (z)
) 5’P Advanced simulation of magnetic nozzles for plasma thrusters 7
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Magnetic thrust gain

2

Solid
1.5 nozzle

» Thrust gain in a divergent
— solid nozzle comes from pressure on the walls &

— magnetic nozzle is the reaction force to the "‘““
(volumetric) magnetic force on the plasma
 For positive plasma acceleration & thrust gain — j,
from plasma must be diamagnetic (running
opposite to coil current)

* Maximum thrust gain (~100%) for:
1) sonic flow at throat, 2) weakly-magnetized ions

8, Jo
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. =
% Coil Plasma S
<C  current - currents Y
> ! 2
e
< 4 =
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lon detachment & plume efficiency

19810 (3 5i9)

» These are genuine 2D effects

e Electron streamtubes = magnetic
streamtubes # ion streamtubes

— lon detachment from B-lines
— No current ambipolarity

12

10 Electron 95% flux

=

( je,meridian7é ji,meridian)
— Small paramagnetic j; :
00 5 10 15

» Plume efficiency is the nozzle penalty 5 lon 95% flux

1

—~|.— 095

3,
~|— o9

[ 0.85 !
0.8
0.75 |0n

magnetization s

0.65

?;"phrm.e (Z)
o
e |

o
=]

0 2 4 6 8 10 12 14
z/R z

Advanced simulation of magnetic nozzles for plasma thrusters 9

Electron detachment: resistivity

part/m?
0.1

20E419
Magnetized I Sies

5.0E+18

* Mechanisms of electron detachment (B « 1)
a) electron inertia b) resistivity

25E4+18
12E+18
eu B = (me/r)ﬁe : V(ruﬂe) + Mo Veiltge E _ :ﬂ:::
1BE#T
TOEH1E

40E+1E

» Small resistivity studied through
perturbation of DIMAGNO collisionless .
solution — Plasma beam detaches oz

20E416
0.2 1.0E+16

. part/m?
outwards o inverse Hall parameter
9.TE+18
t b 4 5E+18
uy, =y, 1Q, e -
__,_5/'4&/ B-tubes ::::
- 29EH7
99E+16
« New hybrid (fluid/PIC) code will allow to Z fee
fully analyze resistivity & demagnetization — o — 0
z[m]
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Electron detachment: inertia

« DIMAGNO has been extended to 10
include nonlinear e-inertia effects

» Generalized conservation laws for
electron: azimuthal momentum, total =
energy, and azimuthal isorotation

» Electron detachment is always

outwards for a magnetized plasma
beam (in equilibrium upstream)

Stronger B field

» Hooper’s class of nonzero inertia
models, based on local current
ambipolarity and claiming inwards
electron detachment, is non-physical:

— it does not satisfy that the -

electron azimuthal velocity is the 0
[E+ (grad p)/en] x B drift 2 3 4 5
z/R
GE’} ép Advanced simulation of magnetic nozzles for plasma thrusters 11

Induced field effects

» Diamagnetic plasma current — induces B-field that tends to cancel
applied B-field — Nozzle shape is modified and becomes more divergent

— Bad: Outwards electron detachment from original nozzle

— Good: Electron demagnetization is enhanced
Bo=0 3o=0.05 Bo=0.1

4

®
W

\ » 5 :.‘
(”wga .
3]

TEge0,

UOHOW Lol

wadng 1@y

o

PARAMAGNETIC
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Downstream of the turning point

* Most recent achievement: computation of plasma expansion beyond
MN turning point, in order to

— Characterize far downstream behavior

— Confirm that ion detachment is key feature for good MN
performance

— Determine final plume efficiency

6

electron ion

z 2
Low ion Magnetization (0.1) High ion Magnetization (300)
_{% 5’P Advanced simulation of magnetic nozzles for plasma thrusters 13

Two-electron temperature (TET) plasma

» Existing debate on the presence of current-free (d)2s

double layers (CF-DLs) and their application 2 Tr?rff;f :
as a new propulsion concept (HDLT) P
e Ahedo&Martinez (09, ‘11): | ;
— 1D model of CF-DL in a collisionless, &k
TET, magnetically-expanded plasma (©) 257
— a) why a CF-DL is formed ? Itis a >

consequence of the varying sound speed
leading to multiple sonic points
(‘anomalous thermodynamics’)

— b) Thrust gain associated to a CFDL ? =
None () ==

o Still: * which is the 2D shape of a CFDL and
its effect on 1, me ?

* CFDL useful for plasma diagnosis ° R

e 2
AL L4
ETSIA | UPM
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TET plasma & 2D CFDL

DIMAGNO is being extended to determine the 2D shape of TET quasi-
CFDLs and its effect on thrust gain and plume efficiency

p-isolines and electric
field map for
7=9,a5=0.2

TET activity is part of a project attempting to implement in DIMAGNO
different thermodynamic models, covering most MN types: warm ions,
swirl energy (AF-MPD), adiabatic electrons (including collisionless
cooling), anisotropic T, (ECR thrusters), and anisotropic T; (VASIMR)

T O
® L7
S
ETSIA | UPM
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Conclusions

An innovative 2D code for propulsive magnetic nozzles has been fully
developed at UPM . The code stands out:

— the 2D character of the supersonic plasma expansion,
— the weak-magnetization and detachment of ions (non MHD plasma)
— therole of azimuthal plasma currents in confinement and thrust
— the lack of current ambipolarity
— the amount of magnetic thrust gain
— The plume or nozzle efficiency
Extensions of the code are demonstrating
— Electron outwards detachment caused by either e-inertia or resistivity

— Enhanced nozzle divergence and plasma demagnetization caused by
induced field effects, when =0(1).

— Double layer formation in TET plasmas

New thermodynamic models are been considered in order to cover
different magnetic nozzle types
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Plasma Structure Inside and Outside Sibidy
a Helicon Thruster
J. Navarro, M. Merino and E. Ahedo

Plasmas and Space Propulsion Team, Universidad Politécnica de Madrid

A helicon thruster consists of a cylindrical helicon source, where the plasma is generated and heated, and a magnetic
nozzle, where the plasma beam is accelerated supersonically. Two dimensional models of the plasma flow inside the
source and in the external magnetic nozzle (MN) are derived, for a known amount of absorbed power from rf waves. 2D
plasma structure and response inside the source are described, comprising the processes of neutral depletion, losses to
chamber walls, and backward and forward flows. Conditions for high propellant utilization and high current efficiency
are determined. The matching with the MN model allows to obtain an overall characterization of helicon thruster
performances in terms of power, thrust and efficiency.

Helicon Thruster Sketch Axial equations Axial Response

A Maxwell coil produces an almost constant After manipulating main equations, using properly all hypotheses, the set of r
(V[B| ~ 0), axial magnetic field along equations that control the axial behaviour of the plasma along the dielectric " s Case 1 (2000) + Case 2 (600G) + Analytical solution, dashed line
the dielectric tube, that diverges smoothly tube becomes: o = e al s ) dashed line.
downstream, forming a MN. The dielectric N2z + Npliy = Go . v All other parameters: T, = 10€V, m = 0.1mg/s, a, = 1.0, uy = :G(J r{l/s
e, (et i (et e, P (s = (2 — )tz Rin + Rion) + (nnRiom — Vi) » remain constant. Neutral depletion (Fig. Al) is governed by plasma ionization.
trically the plasma. Two regions are dis- Vign 1y Rign(T,), and wall recombination v,. Higher temperatures and magnetic
tinguished: (i) The source domain purple o [tz (n Rion = V) = (112 = un) 1 (Rin + Rion)] o fields, and longer tubes improve the propellant utilization 7,
colonred, is delimited by both, dielectric Mot = [ (0 = 1) + (= ) o R « Plasma density (Fig. A2) presents a peak near u. ~ 0 (Fig. A3). The positive

walls (A and W), and the tube exit section, E. (ii) The MN, blue coloured, N o2 e oe T gradient of this magnitude close to B is due to fonization. d.n < 0 in the forward

go the mass flux, ¢, = v/T./m; the sonic velocity, a,, is an adjustable param-
eter that retains the momentum loss/gain due to recombination at the lateral
wall

matches the source at E and extends until a conductive plate, P. MN edge flow region is related to the plasma acceleration

R,(2) is determined by the mag-
netic field shape. The down-
stream plate is needed to per-
form a global balance of the
complete device. Electrostatic
sheaths AB, QW, DP are at-
tached to the walls. Independent
models are formulated for source
and nozzle.

v Case 2 solution is almost indistinguishable from the analytical one because
plasma parameters agree with asymptotic limit hypotheses. Otherwise, case 1
shows the role of wall losses v, on the plasma axial dynamics (Fig. A4), resulting
a worse correlation with the ideal-analytical solution

Boundary conditions: u.p = —¢;, g =Cy s =1, go known

The plasma axial response depends on four dimensionless parameters:
L. = cstno/ Ringo,  Rin/Rion,  wo/cs, v

(1 i obtained self-consistently solving the radial model)

V Effective electron collisions (Fig. A5), governing radial dynamics, decrease along
the chamber, thus increasing radial magnetic confinement. Note also that v, ~
Ven(z) near B and v, ~ vi(z, ) near E.

Analytical solution is found invoking asymptotic limits, high-confinement L T T TR
Vi /M Rign < 1 and Rin/ Rion < uno/es < 1,

e U )
Uy = Unp, = tang, —n. = 2n, cos?E, O =1 — n,sin2€, A3 A a5
. Cs 90 o 08| 2|
Helicon Source: Plasma Model & N o
== de', 1, is the propellant utilization from z(7/4) = L . 599
Hypotheses L. S
Plasma dynamics inside the source is driven by continuity and plasma mo- Radial E ti 9 02 o
mentum equations: adla quations
[ T T R R S ] T R
V- () = V- (ng) = =V - (m1) = 1, R The radial model was treated in Ref. [3], main equations are listed next. 1, :L
s the eigenvalue that assures the correct plasma flow balance.
- (o) = ~VTon; — g+ gyns X B — §; is the eigenvalue that assures the correct plasma flow balance
—— () = nyy, .
1 for densities, u for velocities, T for temperatures, m and g species mass and ) o , Radial Response
charge, ¢ the electric potential, R for ionization/collision rates, S includes ol ey GF, o, oo s iy o » i
G ) i ’ ) : o = S o oy M (i Rion) V' Fig. RI depicts plasma density profiles at the rear section B. There, case 2
momentum sources/sinks terms. Subscript j = ion, electron, neutral 9 i ! . . . soluti
iy eB R R Rl gty is in agreement with the asymptotic solution proposed by Ref. [3], because both
Hypotheses: gy = e = [P (Ben - Rion) + e ug — == w wis = eB/ /i > v, (high-magnetized plasma) and v, (z, 1) ~ ven(z) (radially-
v Quasineutral plasma n, = n; delimited by B and Q D, T dlnn, B u} 3 constant collisions). Case 1 does not fulfil the analytical solution because wy, ~ V.
o ) g = Tomg + eBug — m.=" . Fig. R2 refers to section E, where ,(r) ~ v,(r) oc n, makes these profiles more
V Zero-beta limit — negligible induced magnetic field o
steepened ;
 Tsothermal plasma with 7, >> T, T, o Analytical solution: n,(z,7) = n,(2,0).Jy (apr/R)
+ Axial symmetry 9/ = 0. Matching with the MN Model B where ag is the first 0 of Bessel function, Jo.
¢ Cold neutrals, uy = 1, and mn(r, z) = in(2) The source model matches the 2D MN model of Ahedo and Merino Ref. [4]. It ' u,(r) profiles (Fig. R3) illustrate the high magnetic confinement. Taking into account that —eg ~ mju2/2, last result
« Current ambipolarity j — jyly = 0. provides the supersonic plasma expansion. Currents developed at the plasma indicates that radial electric field is only important in a thin inertial layer preceding the Debye sheath. u(r) develops thanks
+ Decoupled density, n(z, ) = n(2)ns(z,7), with [ rme(z, r)dr = RY/2 plume are closed at P, where ¢p = const. This potential is solved mixing to collisions (Fig, R4). The azinuthal current provides the magnetic force that sustains the large radial density drop as in a
X o o ’ fluid-kinetic formulation at the sheath transition D 6 — pinch
v Decoupled electric potential, ¢(z,7) = ¢.(2) + ¢(2,7) MN Hypotheses: - =
« Ton pressure negligible compared with electron pressure. & Moz, s G = o o
v g < ge = up V Collisionless W o p
v Spatial gradients satisfy: 9x/dz < Ox/9r for x = n,, &y, uy, ug, u. v Fully-magnetized electrons and partially-magnetized ions. é < 15
These hypotheses reduce the 2D problem into radial and axial models coupled + Current free plasma. * o N i
] o wall recombina tion, S,(2) = n.v, )
through the wall recombination fimction, Sy(2) = n.v,(2). ¢ No current ambipolarity ) o .
T B B - T T T L
" "
2D Maps Helicon Source Performances Helicon Thruster Performances
Source details: Case 1 results are presented below for the plasma density and V Propellant utilization: n,‘:’%’ P i fency: 17, = — +::'”+,Y, v Global energy balance determines the re-
velocity. Large gradients of these magnitudes appear close to all walls. Radial gradi- R lation between the absorbed power, the constant — «f '
ents in with magnetic confinement, in fact with the Hall parameter wp/v,. Axial v Analytical law for L/L, = f(n,) states that 1, increases with T,, L and i, requiring plasma temperature, and the length L, of the |
gradients close to A/B are due to electrostatic confinement and drive the backstreaming flow L, > 2.5 to obtain a high propellant utilization, 7, > 0.95 (Fig. S1) nozzle region (Fig. T1). The energy equation group- "]
1, — B curves are plotted for different electron temperatures (Fig. $2). The knee of P s g i Ay r—— .y~

g/l

o4

. cach 7, curve separates low-utilization regimes (low-magnetized plasmas) from the high- o ity Clariein, ks o ke e (oo [
. utilization regimes. Note also, even for very high magnetic field intensities, high-utilization power through the boundarics Pp and Py p, ion- “’/
\ regimes are limited by the plasma temperature, noticeable in the case T, — 7€V, in which Ry Wi e e ey ) I
s ionization is compensated by wall losses, limiting the maximum 7, available. o
- . —— V:P=j-E+F,—Pw — Pp+Paw+Pam=F
o b o 4 ¢ For T, = const, P, increases as MN length is

@ 000 8 b r 1 extended, because Pp rises monotonically in this  {--

= - o : — MN isothermal model. Reciprocally, 7, decreases
B | 1 for longer MN and P, = const. At L, = 0, the o
Helicon Thruster maps: The plasma density distribution along the complete device is B difference between P, case 1, from that obtained in

depicted here, log /o, being ng = go/cs. It manifests how density varies much less inside I e . R case 2, responds to the lower production efficiency
the source than in the plume, where it may drop up to 4 orders of magnitude, presenting

a high radial rarefaction. Electric potential gradients inside the source are purely axial
because plasma is radially confined by the magnetic field. Equipotential lines become

of the source, penalized by wall losses and ioniza- ©
tion of the recombined flux, Py + Pioy =~ 0.7F,
(Fig. T2). Case 2 is shown as an efficient case,

« The flow to the rear wall should be reduced because represents almost 50% of 7, losses
(Solid red line in Fig., S3). If a perfect magnetic screening is assumed at the rear wall, 7,
may reaches values over 90% for the typical range of magnetic field intensities 500 — 100G/

curved as advancing along the MN. ! ~0.45 — pyrp o) - P 1, — G
B B g (dashed red line) Pp = 045F, :
st/ . « Curves of constant efficiencies, , and 7, are  Thrust efficiency, F2/2i P, is evaluated tak-
5 , depicted on the parametric plane B — 1 (Fig o - ing into account all contributions to the thrust F'
E e $4). These are useful to:
‘ ) F = Fyres + Fetec + Finag
d c . Optimize the helicon source efficiencies om0
B s ; . . Terms on the RHS retain the contribution of pres-
4 - 4 o  Obtain a clear map of the region where the = S sure on walls F, electrostatic sheath at the back
25 o sensitivity to parametric deviations is smaller, sl wall Fge, and MN contribution Fygy. Thrust is
-+ here, the knee of 7, curves. related to plasma axial momentum flow, F, at s
S0 0 s k15w s o® S e s o s It may be predicted that operating the source _ tions E and D: Fip = Fyes + Fetec and Fip = F.
o o close to this zone is a good choice in terms of ° S L ®® Case 2 thrust efficiency is over 20% if L,/R > 14
parameter sensitivities and efficiency. (Fig. T3)

1] Abedo, E., Gallardo, J. M., & Martinez-Sénchez, M. (2003). Effects of the radial-plasma wall interaction on the axial Hall thruster discharge. Physics of Plasmas, 10(8), 3397-3400. v Support comes from the Spanish Government
2] Ahedo, E. (2009). Cylindrical model of a helicon-generated plastma. 31th International Electric Propulsion Conference, Ann Arbor, Michigan, USA. TEPC 2000-193. (Project AYA-2010-61699) and the Air Force Office
v Optimum regimes for source-related efficiencies have been determined 3] Ahedo, E. (2009). Parametric analysis of a magnotized cylindrical plasma. Physics of Plasmas, 16, 113503

v A 2D model (Source + MN) of the helicon plasma thruster has been derived.

Air Force Material Command,
2043)

of Scientific Rescarch,
Phasics of Plasmas, 17, 073501 USAF (grant FAS655-1

571

mensional supersonic plasma acccleration in a magnetic nozz

v Analytical models are recovered at the high-magnetized regime. 4] Ahedo, E., & Merino, M. (2010). Two-
5] Batishehev, O. V. (2009). Minihelicon Plasma Thruster. IEEE Transaction on Plasma Science, 37, 1

V First model assessing global Helicon Thruster performances, including thrust effi-

ciency and power losses

(6] Fruchtman, A., Makrinich, G., & Ashkenazy, J. (2005). Two-dimensional equilibrium of a low temperature magnetized plasma. Plasma Sources Science and Technology, 14, 152 39th IEEE International Conference on Plasma Science

7] Lafleur, T., Charles, C., & Boswell, R. W. (2011). Characterization of a helicon plasma source in low diverging magnetic fields. Journal of Physics D: Applied Physics, 44, 055202 (2P-185) Edinburgh, 8-12 July 2012
v Plasma temperature depends on nozzle length. 1EPC 2009-205 ETS.1. Acronduticos, Pza. Cardenal Cisneros 3, 28040 Madrid, Spain
ttp//web metsia.upi.es/ep2
mailing address: eduardo.ahedoGupnes, jaume navarroGupm.cs

18] Pavarin, ct al. (2009). Design of 50W Helicon Plasma Thruster. 31th International Electric Propulsion Conference, Ann Arbor, Michigan, US:

v This fluiddynamic model should be coupled to plasma-wave interaction model (9] Slough, J., Winglee, R., & Ziemba, T. (2006). Performance enhancement and modeling of the high power helicon plasma thruster. Tn W. D. C. American Institute of Acronautics and
Astronantics (Ed.), 42th Joint Propulsion Conference, Sacramento, CA. AIAA 2006-5257.

' Main uncertainties are: power absorption, electron distribution function, radiation

losses, downstream plasma detachment
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Magnetic Nozzles for Plasma Propulsion

A magnetic nozzle is an axisymmetric, divergent magnetic
field that harnesses and controls the expansion of a supersonic
plasma jet.

[

. The field is sufficient to magnetize electrons, which are
attached to the field and describe its geometry.

Ions (heavier) are not magnetized (or only partially).
Electrons pull ions via ambipolar electric field.

Pressure is confined by the ic force acting on
plasma electric currents

.Ions are expanded radially and accelerated axially,
producing thust

PN

%]

£ -
Thrust Solenoid -
B
Sonic e
Quasineutral, _transition

collisionless =

- Advantages over solid nozzles:
- Wall-plasma contact is avoided

- Modifying field geometry and intensity can allow to control
thrust and I,

- Applicable to a wide range of thrusters (helicon, AF-MPD,

VASIMR...) and powers (50 W to MW)

MM

Theories claim convergent detachment based on plasma
resistivity (Hooper et al. [7]), electron inertia (Moses et al.
[8]), and on the plasma currents stretching the magnetic
field to infinity (Arefiev et al. [9]).

A perturbation analysis [2] of our ideal solution shows that:

« Electron inertia (its dominant terms, [4]) and resistivity
both cause outward diffusion of the plasma - divergent
detachment (instead of convergent):

et 1 B = (m./r)ig - V{ruge) + maveitige

Outward Inertia Resistivity
diffusion (> 0) (>0) (>0)

« Plasma-induced magnetic field does not stretch the field,
but opens it instead (/increased divergence).

Vx BJ. = o [j, —j. ) = ppen (U; —u,)

> Diamagnetic induced field

-> The three theories are inadequate
for propulsive magnetic nozzles

The central reason lays in the omitted diamagnetic electron
currents that are natural in the hot plasma, which confine and
accelerate the plasma magnetically, producing and conveying
thrust back to the thruster.

The diamagnetic character (i.e., repulsion) is essential for
thrust generation, but is missing in cold-plasma models.

fa)

The need for plasma detachment '

Electrons tend to remain tied to the closed magnetic lines. IF
lons were to follow,

- Thrust would be cancelled,
- Efficiency would be ruined,
- The energetic coming-back plasma could affect satellite

Plasma detachment is a requirement for space propulsion:
the plasma must get rid of the field and form a free plume once
accelerated

HELICON (GEORGIA'U.)

i 6

HELICON (HPH.COM)

The diamagnetic induced field does not stretch the field, but
it causes the following:

(1) Increased nozzle divergence, which is more
pronounced for higher B, = 4Peo/B%
(2) Formation of a low-B region about the axis.

Increased
divergence

T 005

The low-B region causes the demagnetization of the core
of the plasma beam (plasma is demagnetized when
electron Larmor radius ¢, ~ L, typical helicon thrusters need
L[ Ly ~ 102-10%). D ization that pl

becomes effectively uninfluenced by the applied
magnetic field (i.e., the plasma in the core is detached).

The magnetic field can even cancel out as the induced field
competes with the applied one, forming a magnetic separatrix.
This surface divides nozzle into “internal” and “external” regions.

The downstream evolution of the external region must be
dictated by residual pressure and fields, to form a “plasma
plume”

The rarefied peripheral plasma is not yet demagnetized. The
applied magnetic field continues to repel the peripheral plasma

Advanced Plasma Propulsion with
Magnetic Nozzles: Plasma detachment

Mario Merino and Eduardo Ahedo
Universidad Politécnica de Madrid

Three existing detachment theories are shown to be inadequate for magnetic nozzles. Our 2D code
DIMAGNO is extended to allow iterative calculation of the induced magnetic field, include electron inertia effects,
and to integrate beyond the turning point of the plasma tube. Two novel detachment modes are proposed and
simulated within our ideal plasma: Plasma self-demagnetization due to the induced magnetic field, and ion
self-separation, which leads to the formation of quasi-conic plume with highly-rarefied peripheral plasma.
Results support the applicability of magnetic nozzles for propulsion applications.

" The DIMAGNO 2D model and code

DIMAGNO is our in-house developed code for 2D magnetic
nozzle plasma flow simulation.

DIMAGNO describes the supersonic expansion of a fully-
ionized, hot plasma (i.e. near collisionless) in the magnetic
field generated by a set of solenoids and/or current loops. It is a
multifluid, quasineutral code. Main assumptions: fully
magnetized electrons and partially magnetized ions.
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The code is extended here to allow the iterative calculation of
the plasma-induced field (for up to mild plasma pressures,
B=0(1)), to allow the integration of the flow beyond the turning
point of the field, and to include the dominant electron inertia
terms.

The Method of
Characteristics is

used to integrate ion flow
- Fast and accurate code.
Electron equations are
algebraic.

While light electrons are fully magnetized; massive ions are
not (m,/m; ~ 10-%). The ambipolar E. field needed to expand
ions radially to maintain quasineutrality implies a large density
gradient, causing a strong 2D rarefaction of beam.

Strongly rarefied
peripheral plasma

95% ion tube

As ion velocity increases, E. is not sufficient to deflect ion
trajectories, and they begin to separate inwards from the
magnetic field. Stronger magnetization defers separation.

Far downstream, ion self-separation leads to the gradual
formation of an almost-conical plume. Ion magnetization plays
only a small role (in the studied range).

Most of the plasma beam does not turn back (< 1% of
flow), supporting that detachment will not be a major issue for
propulsive applications.

Frm {2}/ o (0) Aptume. e £

Divergence eff. of |
99% plasma tube |

Thrust gain of the
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Acceleration Deceleration away from the thruster, so its effect is still beneficial. 99% plasma tube
and increased and stretching TR W % m W % ™ B @ % @
divergence T/ rov (R
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