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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,1–4 the applied-field MPD
thruster5, 6 and the VASIMIR.7 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,8–10 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.8 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.9

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 EP2.11 This code nourishes on the large expe-
rience and confidence acquired on the well-tested HPHall2 code used in our group,12 originally conceived for
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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 II 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. Electrons are
modeled as a hot, isotropic species of constant temperature Te, while ions are modeled as a cold one with
mass mi. A detailed account of the derivation of the model, its nomenclature, and the integration strategy,
can be found in previous publications,8, 9 including a discussion of the main results. The ion and electron
equations are presented here in abridged form for convenience:

∇ · (nui) = 0, (1)

mi (ui · ∇)ui = e (−∇φ+ ui ×B) , (2)

0 = −Te∇ lnn− e (−∇φ+ ue ×B) . (3)

The main characteristics of the model stem from the hypotheses of: (1) negligible collisions, i.e. that the Hall
parameter χH = eB/meνe ≫ 1; and (2) completely magnetized electrons and negligible electron inertia,i.e.
electron Larmor radius ℓe =

√
meTe/ (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 currents8 and facilitating detachment.13 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, Ω̂i0 = eBR/

√
miTe, which is the key

parameter that controls ion magnetization), and the initial conditions at the nozzle throat.
For a given magnetic fieldB, 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.14 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.15 The influence of collisions was recently studied
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with a perturbation analysis.9, 16 The dominant electron inertia effects (finite Larmor radius effects) can be
easily incorporated into the model.17, 18 Support for multiple-temperature electron distributions has been
added, allowing the study of the formation of quasi-double-layers in the flow.19 Latest developments include
the capability to simulate the flow beyond the magnetic turning point to analyze the far-field plume.13

III. Hybrid PIC/fluid model (HPMN)

The core of the hybrid model used here inherits from the well-known HPHall2 hybrid code,12 an improved
version of HPHall,20 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, Eqs. (1) and (3) of previous section are extended here to include these terms,

∇ · (nui) = ∇ · (nue) = ṅe (⇒ ∇ · j = 0) , (4)

0 = −Te∇ lnn− e (−∇φ+ ue ×B) +meνeue. (5)

The fluid model of electrons is based on projecting Eqs. (4) and (5) onto the magnetic reference frame,
1‖, {1⊥,1θ}, where, 1‖ = B/B, and and 1⊥ = 1θ × 1‖ is the normal unit vector to the magnetic field. The
result of splitting Eq. (5) along each of these directions is, respectively,

eφ(r, z) = −He(ψ) + Te(ψ) lnn(r, z), (6)

uθe = −χHu⊥e, (7)

u⊥e = − rχH
1 + χ2

H

∂He

∂ψ
, (8)

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

Equation (6) constitutes the Boltzmann relation in the parallel direction, in which −He/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⊥e = 0
in the collisionless limit χH → ∞, 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.8 This idea stands out from Eq. (4) when it is projected along 1⊥ and integrated on each
magnetic tube:

∂I⊥(ψ)

∂ψ
=

2πjz
B cosα

∣

∣

∣

∣

throat

− 2πjz
B cosα

∣

∣

∣

∣

end

, (9)

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

I⊥j = qj

∫

ψ

nu⊥jdσ, (10)

with dσ 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

Te(ψ) 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, cs =
√

Te/mi, 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 chosenM0 = 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 · 10−26 kg (Ar), mass flow ṁ = 0.1 mg/s, tube
radius R = 0.01 m and length L = 0.1 m, plasma temperature Te = 10 eV, and magnetic field intensity
B0 = 200 G (assumed constant along the dielectric tube).

For these values, the non-dimensional ion gyrofrequency is Ω̂i0 = 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 1a shows the radial structure of the plasma density. Plasma radial velocity is depicted in 1b.
Taking into account that −eφ ∼ 1/2miu

2
ri, the radial electric field can be neglected, except at the vicinity

of the plasma edge (inertial layer, which precedes the Debye sheath. Ref. 22).
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Figure 1. (a) Plasma density at the MN throat n(r)/nr=0. (b) Plasma radial velocity uri/cs.

Simulations of the source indicate that propellant utilization ηu, 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, ηu goes up to ≃ 99%.

4 of 9

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 E

du
ar

do
 A

he
do

 o
n 

Se
pt

em
be

r 
15

, 2
01

2 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
2-

38
40

 



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.
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Figure 2. Plasma density log
10
ne (part/m3) 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 φ is equivalent to the thermalized
potential, which is constant along each magnetic surface, plus a correction comparable to the plasma temper-
ature and lnn. 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.
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Figure 3. Electric potential φ(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 5.5Te 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 N induces the statistical failure of the weighting algorithms as shown in Figure
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0 0.05 0.1 0.15 0.2 0.25
−60

−50

−40

−30

−20

−10

0

z (m)

φ
(V

)

z (m)

r(
m

)

0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.02

0.04

0.06

0.08

0.1 485

244

123

62

31

16

8

4

2

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 Mi(z, r) =
√

u2zi + u2ri/cs.
The natural response to the monotonically drop of the electric potential φ (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, nbg.
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Figure 5. Ion Mach number Mi, DIMAGNO (left), and HPMN (right).

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 nbg has been improved compared with
the model in Ref.11 Now, nbg 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, νe = νei = neRei, which drives the
electron perpendicular dynamics inside the plasma plume. Rei 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 χH , 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. Ie 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 χH . 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 χH . Both models present a similar response of uθe (Figure 7) as expected, since collisions do not
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Figure 6. Left: Hall parameter χH 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 Ii in blue, electron current Ie in red. The ion current at
the Helicon source exit section, using the values presented in section IV.A, is 0.23A.

affect uθe 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
10

(uθe). DIMAGNO (left), and HPMN (right).

Improvements on HPMN, such as nbg progressive reduction, have allowed a fine closure of Ie 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, F0, 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 DIMAGNO’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/F0 as a function of the MN length z. F0 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.8, 13 This behaviour also explains the increasing ion current through magnetic surfaces Ii > 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. IV),
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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