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Abstract

The present work is part of a wider project aimed at improving the description of the plasma dynamics during the produc-
tion phase of a Helicon Plasma Thruster. In particular, the work was focused on the development of a chemical model for
Argon- and Xenon-based plasma. The developed model consists of a collisional radiative model suitable to describe the
dynamics of the 1s and 2p excited levels. The model is meant to be complementary to 3D-VIRTUS, a numerical tool which
enforces a fluid description of plasma, developed by the University of Padova to analyse helicon discharges. Once identified,
the significant reactions for both propellants, the reaction rate coefficients, have been integrated exploiting cross sections
from literature and assuming a Maxwellian velocity distribution function for all the species. These coefficients have been
validated against experimental measurements of an Argon Inductively Coupled Plasma and compared with a well-established
code. For Argon, the selected reactions have been reduced through a proposed lumping methodology. In this way, it was pos-
sible to reduce the number of equations of the system to solve, and implement them into 3D-VIRTUS. A validation against
an experimental case taken from literature was performed, showing good agreement of the results. Regarding the Xenon
model, only a verification has been performed against the results of another collisional-radiative model in literature. Finally,
a predictive analysis of the propulsive performances of a Helicon Plasma Thruster for both Argon and Xenon is presented.

Keywords Collisional radiative model - Lumping methodology - Plasma density - Plasma thruster - Helicon discharges

1 Introduction

Argon and Xenon are two of the most common propellants
in the electric propulsion segment [1, 2] . Argon is widely
used for plasma source operations, thanks to its availability
and low cost. As a consequence, in literatures, many physical
and chemical data are available, such as electronic impact
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cross sections and radiative transition parameters. On the
other hand, Xenon is usually preferred due to its good pro-
pulsive performance [1] and to its advantages, such as a low
ionization potential and non-toxicity [3]. Both gases can be
used as propellants in Helicon Plasma Thrusters (HPT).

Recently, the HPT has gained a great deal of inter-
est among the space propulsion field [4, 5]. The working
principle of an HPT is essentially based on two stages: the
plasma production and the acceleration phase, as shown in
Fig. 1. During the production stage, the gas is injected into a
dielectric tube, which is wrapped by a Radio Frequency (RF)
excitation antenna and surrounded by coils or permanent
magnets, that generate a magnetic field. The RF antenna
deposits power into the electrons in the plasma source
region, ionizing the injected neutral gas through propaga-
tion of helicon waves [6].

The magnetic field in the plasma source is assumed to
be uniform and its task is to radially confine the plasma
and to improve the propagation of the helicon waves in
the production stage [7]. The acceleration stage is pro-
vided by the divergence of the magnetic field lines in the
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Fig. 1 Schematic of Helicon Plasma Thruster

plasma plume, the so-called magnetic nozzle effect [7, 8].
However, the magnetic field lines close themselves on the
spacecraft structure, therefore, the determination of the
exact conditions for the detachment becomes a critical
issue to provide net momentum and is still under investi-
gation [9]. Thanks to the absence of electrodes, the HPT
avoids two life-time limiting processes that affect ion-
thrusters and hall thrusters [2], acceleration grid erosion
and wall-cathode erosion, respectively. As a consequence,
the HPT is a more reliable and cost-effective alternative for
propelling small spacecrafts (MicroSat, CubeSat). Some
examples of HPT with a high input power, above 1 kW,
are: the VASIMIR thruster [10], and the recent HPTO5
[11] manufactured by SENER. A promising HPT for small
spacecraft application is REGULUS [12, 13], developed
by T4i S.p.a [14] and CISAS-University of Padova [15].
The future step in the development process of REGULUS
has started in March 2021 and consists of an in-orbit-dem-
onstration (IOD) [16, 17] of the engine.

The development of a numerical tool is required to
describe the physical phenomena happening within a
HPT. In this regard, the simulated performances of an
HPT depend strictly on the proper modelling of the plasma
dynamics. The University of Padova, in cooperation with
the University of Bologna, has developed a numerical code
used to simulate the dynamics of the plasma inside a HPT,
namely 3D-VIRTUS [18]. 3D-VIRTUS is a numerical tool
based on two modules: the Electro Magnetic (EM) module
that accounts for the deposition of the power provided by
the antenna into the plasma by solving the plasma—wave
interaction [19], and the fluid module which solves the
plasma transport to determine the temperature and density
distribution of the species considered. The decoupling of
the two processes is allowed since the process of propaga-
tion and absorption of EM waves by the plasma has time
scales in the order of 107°. While, the plasma reconfigure
itself under the forcing action of the RF deposited power
with time scales in the order of 10~2 [18]. The fluid module
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is based on a system of balance equations for energy,
momentum, and mass:
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where Eq. (1) represents the continuity equation, with k
ranging throughout each species considered. Equation (2)
is the energy balance of the electron energy density n,, from
which the electron temperature 7, can be derived consid-
ering n, = 3/2n,T"" . The electric field generated by the
local imbalance of net charge is considered via the Ep, term,
which is computed from the Poisson equation, Eq. (3). The
I'; and the I', terms represent the flux of particles and the
electron energy flux, respectively, and are derived from the
drift diffusion assumption:

Fk = nkvk = iiknkEDD - BkVnk (4)

T, = —7.n,Epp — D, Vn, ©)

where v, is the species velocity, D_k is the species diffusivity
following from Einstein’s relation, and u, = |g|/nv, is the
species mobility, which is non-zero for charged species only,
and has positive (negative) values for ions (electrons). In
Eq. (5), D_E and u_ represent the electron energy diffusivity
and mobility, respectively. The heavy species are considered
under the hypothesis of isothermal equilibrium that allows
to decouple the energy equation for that species. Then, the
contribution of the chemical phenomena (e.g. ionization of
the gas propellant, excitation of neutral atoms and so on...)
is given by the source/sink terms appearing inside these bal-
ance equations, namely R, R,.

In [18], numerical results of 3D-VIRTUS have been com-
pared to experimental measurements obtained on a Piglet
reactor [34], for Argon propellant. The calculated electron
density showed the same trend of the experiment, yet with
errors within one order of magnitude. The quantitative differ-
ence between the numerical and the experimental results has
been attributed, even though in a minor role, also to the set
of chemical reactions and species considered inside the code
[18]. Thus, it was necessary to develop an improved chemi-
cal model to be implemented into 3D-VIRTUS, in order to
describe the reactions taking place within the plasma source.
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2 Collisional-Radiative Model

The developed model is a collisional-radiative model
(CRM), used to investigate the population density of the
different excited states of Xenon and Argon atoms in a con-
dition of weak ionization, low pressure and low temperature.
A CRM describes the populating and depopulating mecha-
nism of the species inside a plasma. In case of mono-atomic
elements, the following groups can be considered: electrons,
ions, neutral atoms, excited atoms. In particular, the excited
atoms represent a large number of different species, and the
description of their interacting mechanisms becomes funda-
mental in low-temperature plasma [20]. In general, CRMs
consider two sets of interaction between species inside the
plasma: collisional reactions and radiative decay of the
excited states, from higher to lower levels of excitation. For
low-pressure and low-temperature plasma, the two main pro-
cesses to take into account are [21-24]:

e clectronic impact
e optical radiative transition

Due to the low-pressure conditions of neutral atoms, tenths
of mTorr for HPT applications, reactions between heavy par-
ticles, such as charge exchange resonant and non-resonant
collisions (CEX) or 3-body recombination, have not been
considered [20]. The populating and depopulating mecha-
nisms considered are reported in Eq. (6), that express the
population balance for each species:

dn;

— ex

= 2K Y A
J#I J>i

(6)
- n ; neKiejx +n; Z AN + neniKlfZ
J#i J<i

then, the population density of excited level n; is now cou-
pled with the population density of the excited level n;. To
obtain the population density of each excited state, the set of
coupled differential equations has been numerically solved.
On the right-hand side of the population balance, the first
part represents the terms related to the production of i-th
species, while the terms inside the brackets represent its
destruction mechanisms. The reactions are due to de/excita-
tion and spontaneous radiation from higher levels, while the
ionization term is written separately as, neniK;z. The elec-
tronic impact reactions are modelled with the reaction rates
K;X K;;x responsible for excitation and de-excitation pro-
cess, and the reaction rate Kl" used for the ionization of the
state. The spontaneous radiation is taken into account for
transition from i-th to j-th level with two coefficients: A; and
Aii’ respectively, the transition probability (or Einstein’s
coefficient) and the escape factor.

In the developed model, only the kinetic mechanisms
among 1s and 2p excited levels (Paschen notation) have
been considered, since the typical working pressure of the
HPT is within the range for excitation of mostly these levels
[20]. In particular, the transitions mechanisms of 1s and 2p
to higher excited levels have been neglected. The excited
levels considered establish, including the ion and the ground
state, a total of 16 species. In “Appendix”, all the excitation
and de-excitation reactions considered for the Argon and
Xenon model are reported, together with the reactions due
to elastic scattering, ionization and radiative transition. In
this latter case, the reactions are specified with the reference
of the cross section used or if available the analytical rate
coefficient.

In Tables 1 and 2, the selected levels for Argon and
Xenon are reported with their energy potential in the Racah
and Paschen notation. The physical data, needed for mod-
elling the CRM, such as statistical weights, energy levels,
Einstein coefficients, have been recovered from the NIST
database [25].

2.1 Collisional Reactions

The key element of the population model is the rate coef-
ficient K;", that represents how many species are created/
destroyed in a time interval by electronic impact. In gen-
eral, the rate coefficient, which depends mainly on electron
temperature, can be computed directly by integrating the
electron energy distribution function (EEDF) with the
cross section of the selected reaction [22, 23, 27]. In the
developed model, some empirical cross sections for each

Table 1 Paschen and Racah notation of state levels of Ar I [24]

Paschen notation Argon (Ar )

Racah notation Energy

8s 3p® 0.0

Lss 4s(3/21, 11.55
Lsy 4s[3/2], 11.62
1s 4s'[1/2], 11.72
Ls, 45'[1/2], 11.83
2p10 4p[1/2], 12.91
2py 4p[5/21, 13.08
2pg 4p[5/21, 13.09
2p, 4p[3/2], 13.15
2pg 4p[3/21, 13.17
2ps 4p[1/2], 13.27
2py 4p'[3/2], 13.28
2p, 4p'13/21, 13.30
2p, 4p'(1/2], 13.33
2p, 4p'(1/2], 13.48
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Table 2 Paschen and Racah notation of state levels of Xe I [24]

Paschen notation Xenon (Xe I)

Racah notation Energy
8s 5p° 0
Lss 6s(3/21], 8.31
Lsy 6s[3/2], 8.43
Ls; 6s'[1/2], 9.44
Is, 6s'[1/2], 9.56
2pyo 6p[1/2], 9.58
2py 6p[5/21, 9.68
2pg 6pl[5/21; 9.72
2p, 6p[3/2], 9.78
2pe 6p[3/21, 9.82
2ps 6p[1/2], 9.93
2p, 6p'[3/2], 10.95
2ps 6p'[3/21, 11.05
2p, 6p'[1/2], 11.06
2p, 6p'[1/2], 11.14

reaction of Argon and Xenon have been selected from
LxCat [28], an open access hub of database with several
parameters needed for plasma modelling.

The calculation of the reaction rates has been performed
under the hypothesis of local thermodynamic equilibrium,
thus considering a Maxwellian electron energy distribution
function with the following formula:

[2¢ [
K; = E./o eoyfyde @)

Where f, is the electron energy distribution function
expressed as:

1 172 —&

in Eq. (7), 0;; is the electron-impact integrated cross section
for transition from the lower state i to the upper state j, € is
the electron energy in eV, 7, is the electron temperature in
eV, and m is the electron mass. The inverse reaction rates
have been computed using the principle of detailed balanc-
ing [6]. An analytical formula has been developed for the
inverse cross section of the considered reaction and has been
integrated using Eq. (7).

The following equation has been introduced considering
a generic reaction, defined as follows:

e+A—>e+B

with A and B two generic states of a heavy species. From
[6], the electron and the heavy species are related through
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the detailed balance principle (Eq. 9), and with the energy
balance, (Eq. 10):

m?ggAvio-(VR) = mZZgBVZZG*(VZ) ©)]
1 2 1 * %2
IMRVE = SMpve + eAE; (10

where o*(vy) is the inverse cross section for the reduced
velocity of the system after the impact, AE; = E; — E; is the
threshold energy, g4, g5 are the statistical weights of the ini-
tial and final excited species, and finally mg and my, are the
reduced masses of the system before and after the collision,
that in the case of electronic impact are equal. Assuming,
£= %mRvi/e, with e the electron charge, it is possible to
rewrite Egs. (9) and (10) as:

gaeo(€) = gpe*c (") (11)

e=¢e"+e-¢g, (12)
substituting Eq. (12) in Eq. (11):

Sa_ &

*(e = AE) =
o'(e ) gp € — AE;

o(e) (13)

The last formula has been implemented in the model to cal-
culate the inverse rate coefficient.

2.2 Radiative Reactions

In the model, only spontaneous emissions are taken into
account from the 2p levels to 1s levels and from resonant
1s levels to ground state, for either Argon and Xenon. The
reactions are listed in “Appendix”. The radiative effect on
the populating/depopulating mechanisms depends on, A,
the Einstein coefficient of the reaction and, Aij, the escape
factor. Einstein coefficients are coefficients of proportion-
ality that express the measure of probability of the emis-
sion of photons by an atom. The escape factor instead is
an adimensional parameter used to take into account reab-
sorption effects due to radiation trapping [29]. This last
effect has been modelled through Mewe’s formula [30],
that for a uniform distribution of emitting and absorbing
atoms is defined as:

2 e—pk,»j/IOOO
U gy (14)
where p is the plasma characteristic length, and k;; is the
reabsorption coefficient for transition i to j. In case of low-
temperature plasma, only Doppler broadening is significant

[21] and the reabsorption coefficient can be expressed as:
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Kj = — ”'Ai' (15)
T g 82 JV 2RT,

where 4 is the wavelength corresponding to the optical tran-
sition i — j, M is the molar mass, R is the gas constant, and
Tg is the temperature of the neutral atoms, that in the model
is assumed constant.

2.3 Lumping Methodology

To reduce the number of equations to be implemented
inside fluid solvers, a lumping of the chemical reactions
is usually performed. This process consists of reducing,
by averaging, the number of reactions, diminishing in
this way the computational cost of the simulation. The
total number of species considered in the chemical model
for both Argon and Xenon is sixteen: GS, lss, ..., s,
2P10» --- » 2P;» One ion species and electrons. To implement
the selected reactions into 3D-VIRTUS, we have reduced
the number of excited species into the six fictitious species
presented in Table 3:

Different formulas have been developed for the lumping
of the direct and inverse reaction rates for the collisional
reaction, and for the escape factor of the radiative reac-
tions. Under a hypothesis of local thermodynamic equilib-
rium and making use of the Boltzmann relation, we have
obtained:

N.

Kdir _ < ZJ ' Kl]
L 2 N { g U, Ui

i | X o P\~ >

where i =1,2,...N; and j = 1,2,...Nj, and with N, ><Nj
equal to the total number of reactions. The previous formula
has been implemented to lump the direct reactions, such as
sy, /1sg — 2P/ion and 2P — ion.

Regarding the inverse rate coefficient, the formula can
be obtained from Eq. (16) considering the inverse reaction
K;; and inverting the indices j and i. Then, making use of
the principle of detail balance, the formula can be written
as function of the rate coefficient Kj;:

(16)

N, y,
' N X, K;giexp <_ﬁ>
Kinv — z B
1

- N; U,
7| T nee(-55)

a7

Moreover, the energy levels and the statistical weights have
been lumped with the following criteria:

N. N;
;X X @y
El = ZN— (18)
klgk

N;
G = (&) (19)

For the radiative reactions: 1ls, — GS, 2P — 1s,,/lsg, the
lumping has been performed on the self-absorption factor
with the following empirical formula.

_ 2 8iKy

K]ump[j - Zg
iS5i

where i are the starting levels, and j are the levels of arrival.
The obtained average value has been inserted in Eq. (14) to
obtain the lumped escape factor required for the spontaneous
emission of the fictitious species.

(20)

3 Numerical Simulations

The developed CRM has been tested to verify the numeri-
cally integrated rate coefficients on an experimental Induc-
tively Coupled Plasma (ICP) fed with Argon [20], performing
a comparison against the rate coefficients obtained exploiting
Bolsig+ [27]. The comparison has been done between the
distribution of 1s and 2p excited states population with the
experimental measurements given in [20]. Then, to verify the
lumping methodology, the electron density, n,, and electron
temperature, 7, given by the detailed and lumped models have
been compared. For the Xenon model, the calculated density
distribution of the 1s and 2p excited states of an ICP has been
compared to the results given by another CRM in literature
[24]. Finally, the lumped Argon model was implemented in
3D-VIRTUS and the populations distribution of the lumped
species is shown. The resulting electron density has been com-
pared to experimental measurements.

Table 3 Table of lumped

. GS
species

Lsy,

2P
Ton

Ground state

1ss, 1s; (metastable)

1s,, s, (resonant)

2p105 2P 23, 2p75 265 2D55 245 235 22, 2Py
Ist ionization

Electron
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Table 4 Input parameter of Argon ICP simulation [20]

Pressure (Pa) 1

Dimensions (mm) 400 x 150 x 150

Power (W) 75

T, eV) 3

n, (m=?) 3x10'°
Tg (K) 400

Table 5 Datasets of input excitation cross sections of Argon model
for ICP simulation

gs — s gs— 2p s = 1s s = 2p

BSR [31, 32] BSR [31, 32] BSR [31, 32] BSR [31, 32]

3.1 ICP Simulations
3.1.1 Argon Model

The first validation of the Argon model has been preformed
on an experimental case of an Inductively Coupled Plasma
(ICP). The ICP experimental setup [20] consists of a quartz
cylinder inserted in a stainless steel chamber fed with Argon
gas. The cylinder is wrapped with an induction coil that,
once coupled to the plasma column, provides the ionization
energy. The electron density has been measured with a Lang-
muir probe located in the center of the plasma source, while
the intensity of the optical emission of the discharge region
has been recorded by a monochromator. The input parame-
ters of the simulation are reported in Table 4. The population
densities of the excited levels have been computed using the
Argon model and compared with the rate coefficients pro-
vided by Bolsig+. The cross sections required to calculate
the rate coefficients have been selected from LxCat [28] and
for the excitation reaction are listed in Table 5.

In Fig. 2, the two solutions have been compared against
the experimental results in terms of population densities.
On the left axis, the population density of the 2p species,
n,,, has been reported divided by its statistical weight, g,.
The values of n,, / g,, have been normalized to one hundred.
The 1s levels are expressed in ppm, where n;, g,,, n, are,
respectively, the population density of 1s, and its degeneracy
degree, and the neutral gas density. It can be noticed that
the population distribution of the 1s and 2p levels given
by the Maxwellian rate coefficients is generally more in
agreement with the experimental results. The Maxwellian
rate coefficients provide a better descritpion of the 2p
population distribution except for the 2p, level for which
Bolsig+ gives a more accurate result. In particular, in com-
parison to the Maxwellian rate coefficients Bolsig+ returns
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ICP: Argon excited levels
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Fig.2 Population density of Argon 1s and 2p levels from CRM using
Maxwellian rate coefficients (blu bar) and using Bolsig+ (green bar)
against the mean value of the OES measurements (violet bar) [20].
Here ny,(n,,) refers to the population density of 1s(Zp) levels, n,
refers to the gas density and g,,(g,,) is the degeneracy degree. The
values of n,,/g,, are normalized to one hundred
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Fig.3 Error of population distribution of excited levels of Argon,
with respect to expected value of OES measurements [20]: using
Maxwellian and Bolsig+ rate coefficients

significantly higher values for 2p,, 2ps, 2p,, 2ps, 2p, levels
and lower values for 2pg, 2p,,. On the other hand, regarding
the 1s3, 1s,, Ls, excited levels, Bolsig+ represents better the
population distribution, while for the 155 the Maxwellian rate
coefficient gives still a better result. In Fig. 3, the relative
error of the two cases with respect to the mean value of the
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Table 6 Input parameter of Xenon ICP simulation [24]

Pressure (Pa) 61.3
Radius and length (mm) 10 x 290
Power (W) 45
T,(eV) 1.13

n, (m=?) 9x 10"
T, (K) 600
Table 7 Input excitation cross sections of Xenon model

gs — ls gs— 2p Is — s 1s - 2p
BSR [31, 32] BSR [31, 32] Priti [24] Priti [24]

experimental results is reported. The wide errors registered
by the two models on the calculations of the density distri-
bution of excited states are a characteristic common also to
other reliable CRM present in literature [20, 24].

3.1.2 Xenon Model

For what concerns the model developed for Xenon, the
results have been compared to those obtained in [24]. The
input parameters of the simulation considered in this case
are listed in Table 6.

The reference geometry of the ICP has been taken from
[33]. The experimental setup consists of an ICP source with
two concentric quartz tubes. The internal cylinder of length
29 mm and internal radius of 10 mm, represents the plasma
column. Whereas the external cylinder contains the induc-
tion coil, made of copper, and the refrigerating water. The
database of cross sections for excitation reactions used for
the following simulation is reported in Table 7, while the
remaining reactions considered are listed in “Appendix”. In
Fig. 4, the obtained population distribution for the 1s and
2p levels of the Xenon collisional radiative model is shown.

The population densities of 2p10 — 2p4 levels show in
general good agreement with the proposed model. On the
other hand, the 2p3 — 2p1 levels present an irregular behav-
iour; with all three points that exceed notably the values
reported in Priti [24].The 1s levels are generally lower in
magnitude, especially the 1s, level that shows a difference
of only 30% with respect to Priti’s density.

The difference among the two models becomes clearer
considering the deviation of the results with respect to Priti’s
model, presented in Fig. 5. Regarding the 1s levels, the devi-
ation is always below 100%, similar to the results obtained
for the Argon model. With, the 1s, level presents the smaller
deviation from the results obtained by Priti. The deviation
of the 2p levels is below 50% for the first 6 levels, in order
of increasing energy, except fot the 2p level that presents a

ICP: Xenon excited levels

20, 209 2pg 2p, 2P 2pg 2P, 2p3 2p, 2p,

. : : :
8l [ Xenon model | |
10 I Priti CRM
&
£
10" E
10'®
155 1S4 153 132

Fig.4 Population density of Xenon 1s and 2p levels from CRM using
Maxwellian rate coefficients (green bar) against Priti [24] CRM (red
bar)

ICP: Xenon excited levels
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— — 3000
X X
g 2 2500
£ 50 =
.d .@
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) kS
Q Q
1500
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o2 SRR 2R R R 2R ™ 2p, 2p, 2p,

T T T T

—_

o

o
T
L

Deviation %]
S
3
1

Wl

Fig.5 Deviation of excited levels density distribution of Xenon
model in comparison to Priti’s model [24]

deviation around 100%. The last three levels, 2p;, 2p,,2p,
present the highest deviation, suggesting the necessity to
improve the modelling of the reactions that concern those
levels.

Considering the wide deviation of calculated density dis-
tributions, the results obtained can be considered in agree-
ment with those presented by Priti et al. for the 1ss, ..., 15,
and 2p, ..., 2p, levels. On the contrary, the model needs
an improvement for the reactions concerning the 2ps, ... 2p,
levels. This result can be explained considering that with
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Table 8 Excitation input cross sections and analytical rate coefficients
of Argon model implemented into 3D-VIRTUS

gs — ls gs— 2p ls — 1s s - 2p

an. rate [20] an. rate [20] BSR [31, 32] BSR [31, 32]

respect to the Argon model, for the Xenon model there is
less available data in literature, such as transitions param-
eters for radiative reactions and cross sections for 1s; — 2p
transitions.

3.2 3D-VIRTUS

The Argon model has been implemented into 3D-VIRTUS
and tested for a typical plasma discharge inside an HPT. The
obtained results have been compared to the experimental
case reported in [34]. These experimental measurements
were performed on a Piglet reactor filled with Argon gas,
where the electron density has been measured with a Lang-
muir probe located in the center line of the Helicon dis-
charge. To implement the chemical model’s output into the
fluid solver, the rate coefficients have been lumped with the
aforementioned formulas. For the excited states reactions,
the rate coefficients considered are a mix of analytical rates
taken from literature [20] and rates integrated from the cross
sections. The cross sections and analytical rate coefficients
used for the de/excitation reactions are reported in Table 8.

The experimental setup consists of a 20 cm long Pyrex
source tube connected to a 28.8 cm aluminium chamber. The
source region is connected with a turbomolecular pump sys-
tem that keeps the chamber’s base pressure at 0.39 Pa. The
RF antenna, that deposits power into the gas, is located in
the source region operating with a frequency of 13.56 MHz
and generating a power of 250 W. The magnetic field can be
generated through the source or exhaust coil. In the follow-
ing validation, the magneto-static field has been considered
generated by the exhaust coil with a maximum intensity of
21G.

The experimental set-up considered is fully 3D since the
antenna configuration is not axisymmetric. Nevertheless,
it has been noticed [18] that the differences in the results
assuming a 2D-axisymmetric problem are not significantly
different from a case of a 3D domain. In the simulation, the
antenna has been assumed radially distributed around the
dielectric walls of the source chamber. The simulation con-
siders a 2D-axisymmetric mesh of 11,000 nodes, as shown
in Fig. 6. The species considered inside the plasma discharge
are reported in Table 3. The results regarding the population
distribution of the excited levels are reported in Figs. 7, 8
and 9.

All three species are mainly distributed in a region around
the antenna, with an increased density near the walls of the
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Fig.6 Fluid mesh of the Piglet reactor
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Fig. 10 Ground states density distribution

reactor. This is coherent with the working principle of the
HPT since the ionization and excitation effects of neutral
atoms are more relevant in regions next to the antenna’s
wall, where there is more deposited power and the electrons
have higher kinetic energies. The Metastable 1s levels have
a lower density distribution but in a more spread area with
respect to the 1s Resonant levels. This is probably due to
the shorter lifetime of the Resonant 1s levels which tend to
decay quickly through optical radiation. Also, 2P levels are
more concentrated in the region around the exhaust coil with
a magnitude around 4 x 10'7 m~3, while are less present
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Fig. 12 Electron density distribution

in the diffusion chamber. The neutral density distribution
reported in Fig. 10 shows that the density is uniformly dis-
tributed along the domain with a slight increase in proximity
of the outlet.

For the ion and electron density, results are reported in
Figs. 11 and 12. In this case, the density population of ions
and electrons is almost equally distributed in space, enforc-
ing the fundamental assumption of quasi-neutral plasma.
Due to the recombination at the walls, the deposited power
profile leads to a distribution of electrons and ions concen-
trated in the center of the source region. For what concerns
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the electron temperature, in Fig. 13, it can be observed how
considerable is the spatial variation, coherently with the
fact that electrons are the only species which is not under
isothermal hypothesis. Thus, variations of up to 2 eV are
registered between the source chamber and the diffusion
chamber (Fig. 14).

Finally, a comparison of the electron density with the
experimental data reported in [34] is presented, includ-
ing an uncertainty band evaluated by [18]. The latter has
been added considering an uncertainty of the measure of +
20-30%. The uncertainty has been evaluated considering

Power absorbed [W/m3] S 10°

Exhaust Coil

-0.2 -0.1 0 0.1 0.2
axis z [m]

Fig. 14 Power density distribution
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errors that may arise by the perturbation of the probe on the
system when it is inserted in the source region. The measure-
ments have been performed with a Langmuir probe on the
central axis of the Piglet reactor (r = 0 m).

Figure 15 shows that 3D-VIRTUS with the developed
CRM is able to track the experimental results inside the
uncertainty band, being the difference in the middle region
between the computed values and the measurements around
25%.

For what concerns the computational effort, the simulation
time is about 15 min on a quad-core Intel machine. So, the
chemical model with the lumped procedure proved to be reli-
able and suited for multidimensional fluid codes.

4 Predictive Performance Simulation

In this section, a predictive analysis of the propulsive perfor-
mances of an Helicon Plasma Thruster (HPT) is presented.
The analysis has been performed through a Global Model,
with implemented the propulsive parameters of a magnetic
nozzle treated in [8]. The magnetic nozzle is produced at the
outlet of the plasma source from the diverging lines of the
magnetic field. Because of the low-pressure regime in which
helicon thrusters operate, ions have been considered collision-
less. Moreover, due to ionization and radial plasma losses,
the plasma and neutral gas densities have been considered to
vary axially in the source chamber. The thrust considered is
generated essentially through two reaction mechanisms. The
pressure of the gas, (F)), and the Lorentz force, (F,,,,). In the
first case, the force generated depends on the pressure of the
gas and is exerted at the bottom of the source chamber. In the
latter case, the force is created by the radial component of the

«10'7 Exhaust coil (r=0 m)
5 : ‘ ‘

—O— Experimental
3D-VIRTUS (CRM)

-0.05 0 0.05
azxis z [m]

-0.15 -0.1

Fig. 15 Comparison of measured and calculated electron densities
of a Piglet reactor on the central axis (» = 0 m), for the Exhaust coil
experimental case [34]. The blue area represents the expected uncer-
tainty band



Development of a Plasma Chemistry Model for Helicon Plasma Thruster analysis

divergent magnetic field and the azimuthal electron current
induced by the magnetic field itself. Another contribution is
given by the non ionized neutral gas, coming out from the dis-
charge chamber. The thrust generated by the neutral particles
is equal to:

Fgas = ru, + qnngAe 1)
where u, is the exhaust velocity of the gas, T, is the gas
temperature in eV, n, is the gas density, and A, is the exit
cross-sectional area. Given that the flow rate of neutral gas
ism = m,-ngng , by substituting n,, derived from the latter,
in the gas thrust equation, we obtain:

qT
Fy =1 | 14+ —5 (22)

mv?
g

The force exerted by the plasma on the bottom of the thruster
is obtained by multiplying the pressure by the cross-sec-
tional area of the chamber:

Fy = qpnyT A, (23)

where A is the cross-sectional area of the source tube, f is
a parameter used to define the radial variation of the plasma
density, n is the axial plasma density at the bottom of the
source chamber, 7, is the electron temperature in eV. Con-
sidering the momentum conservation equation applied next
to the outlet:

d%(miﬂnvz?) = gpnE, 24)

it is possible to get the magnetic contribution of the thrust,
which results from the action of the divergent magnetic field:

Fre = /V JoB,dV (25)

with J, the azimuthal current resulting from the application
of the divergent magnetic field and B, the radial component
of the magnetic field. In conclusion, the total thrust can be
ontained as the total contribution of the three forces:

Ftol=F0+Fmag+Fgas (26)
The performance parameters in the model, the specific
impulse, Isp, and the thrust efficiency, 5,, have been com-
puted with the following formulas:

F F?
I‘ — tot , — tot 27
= g T 2mP, @7

with g, being the gravitational acceleration at sea level and
P, the total power absorbed by the plasma divided for the
efficiency of the power transfer.

Table 9 Input parameters of

. N.test Mass flow Deposited

Global Model for th@ propulsive rate (mg/s) power
performance analysis W)

01 0.20 38

02 0.20 59

03 0.20 122

04 0.17 39

05 0.17 59

06 0.17 97

g
o

N

Thrust [mN]
&

—_

0.5
01
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200
01 02 03 04 05 06

Num. of test [#]

Fig. 16 Thrust and specific impulse () obtained for each test case,
given by Xenon and Argon model

For what concern the chemical model, for Xenon, the
CRM has been set up with the excitation cross sections
reported in Table 7, while for Argon the input cross sections
for the excited states are those of Table 8. The input mass
flow and deposited power for the simulations are reported in
Table 9, for both Argon and Xenon.

The values obtained for thrust and specific impulse are
in accordance with the general results obtained for dis-
charges of this type [8]. In particular, from Fig. 16, the
values of thrust for Xenon oscillate in a range from 0.7 to
2.1 mN, while for the specific impulse, a maximum value
of 950 s is reached. On the other hand, the Argon model
registers lower performance than Xenon, with thrust rang-
ing from 0.5 to 1.3 mN and a maximum specific impulse
of 600 s. In Fig. 17, thrust is compared with the delivered
power for the two inflows of propellant gases.

The figure shows that diminishing the inflow mass the
output thrust increases, with a stronger tendency for higher
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Fig. 18 Thrust-to-power ratio versus specific impulse (/,), given by
Xenon and Argon model

power values. To better compare the propulsive results
of Xenon and Argon, the ratio of thrust over power with
respect to the specific impulse is presented in Fig. 18.
It can be observed that reducing the inflow the thrust to
power ratio increases for both the propellants. Neverthe-
less, the specific impulse increases for lower values of
thrust to power ratio for both Argon and Xenon. In all
cases, Xenon displays almost two times better values with
respect to Argon.

The estimated efficiency of the two systems is shown
in Fig. 19. As expected, Xenon displays better results than
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Fig. 19 Efficiency versus specific impulse (/,), for Xenon and Argon
model

Argon, thanks to its higher atomic mass and lower ionization
energy, with values ranging from 3 to 9%. Argon instead
for the considered cases reaches a maximum efficiency of
5%. The low values of efficiency are typical of HPT [5] due
to their acceleration mechanism. However, a low efficiency
can be tolerated since in common space applications, the
electric power required by electric thrusters is produced lim-
itlessly by solar panels. So, more emphasis shall be given to
the specific impulse, which represents the efficiency of the
propellant used and presents an optimal value for the given
mass of the power plant system.

In conclusion, it can be stated that the Xenon-fed HPT
performs better than the Argon one, and this is generally
coherent with the theoretical considerations on electric
thrusters, as shown also in [35].

5 Conclusion

In this work, a simple collisional radiative model has been
presented for Argon and Xenon plasma discharges. The
model includes bulk reactions, with a focus to the 1s and 2p
excited states. The rate coefficients of the considered reac-
tions have been exploited from cross sections, but when
available, some analytical reaction rates have also been used.
Moreover, a lumping procedure to reduce the number of
reactions has been presented allowing the implementation
into the fluid module of 3D-VIRTUS.

The first validation of the Argon model has shown good
agreement with the experimental results of an ICP discharge.
The second validation has been done implementing the model
into 3D-VIRTUS, which has shown that the computed electron
density falls within the band of uncertainty of the experimental
measurements. A verification of the Xenon model has been
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done comparing the population’s density of excited states with
the results of another CRM, but an accurate validation shall

be performed in a future work. Finally, a predictive analysis of

HPT performances for both Xenon and Argon was presented,
showing reasonable results for both propellants. In a future
investigation, a test campaign shall be performed on a HPT
using a dedicated thrust stand to validate the obtained results.
Further studies can take into consideration the implementa-

tion of excitation and de-excitation reactions among the higher
excited states of the atom to extend the validity of the CRM in

a wider range of applications.

Appendix: Detailed Reactions of Argon
and Xenon Model

See Tables 10, 11, 12, 13 and 14.

Table 10 Table of electron impact ionization and scattering reactions:
analytical rate and input cross section

Argon model

Xenon model

Ionization
GS+e=1ion+e
Is+e=1ion+e
2p+e=1ion+e
Elastic scattering
GS+e=GS+e
Is+e=1s+e
2p+e=2p+e

[31, 32]
an. rate [20]
an. rate [20]

an. rate [20]
an. rate [20]
an. rate [20]

[36]
(37]
(371

(36]
[36]
[36]

Funding Open access funding provided by Alma Mater Studiorum -
Universita di Bologna within the CRUI-CARE Agreement.

Table 11 Excitation and de-excitation reactions implemented in the

Argon model

GS de/excitation

1s de/excitation

2p de/excitation

GS+e=lss+e
GS+e=1ls,+e
GS+e=1ls3+e
GS+e=1s,+e
GS+e=2p+e
GS+e=2py+e
GS+e=2pg+e
GS+e=2p;+e
GS+e=2ps+e
GS+e=2ps+e
GS+e=2p,+e
GS+e=2p;+e
GS+e=2p, +e
GS+e=2p +e

lss+e=ls,+e
lss+e=1s,+e
Is3+e=ls,+e
Is3+e=1s,+e
Iss+e=2p+e
Iss+e=2py+e
Iss+e=2pg+e
Iss+e=2p; +e
Iss+e=2ps+e
Iss+e=2p,+e
Iss+e=2p;+e
Iss+e=2p, +e
Is;+e=2pg+e
ls;+e=2p;+e

Is3+e=2p,+e
Is3+e=2p,+e
Isy+e=2pg+e
Is,+e=2p;+e
Isy +e=2ps+e
Is,+e=2p;+e
Is,+e=2p,+e
Is; +e=2p, +e
Is, +e=2p,,+e
lsd,e =2p; +e
Is4, e = 2pg+e
Is4,e = 2ps+e
Is4,e = 2ps+e
Isd,e=2p, +e

Table 12 Excitation and de-excitation reactions implemented in the

Xenon model

GS de/excitation

1s de/excitation

2p de/excitation

GS+e=lss+e

GS+e=1s,+e
GS+e=ls3+e
GS+e=1s,+e
GS+e=2p,te

GS+e=2py+e
GS+e=2pg+e
GS+e=2p; +e
GS+e=2pg+e
GS+e=2ps+e
GS+e=2p,+e
GS+e=2p;+e
GS+e=2p, +e
GS+e=2p +e

lss+e=ls,+e
lss+e=1s, +e
Is;3+e=ls,+e
Is3+e=1s,+e
lss+e=2pg+e
lss+e=2py+e
lss+e=2pg+e
lss+e=2p; +e
lss+e=2ps+e
lss+e=2ps+e
Is, +e=2p+e
lsy+e=2py+e
Is,+e=2p;+e
Is; +e=2ps+e

Isy+e=2ps+e
Is,+e=2p, +e
Isy+e=2p;+e
Is, +e=2p, +e
Is, +e=2p, +e
Isy+e=2py+e
Isy+e=2py+e
Is,+e=2p; +e
Isy+e=2ps+e
Isy+e=2ps+e
Is,+e=2p, +e
Isy+e=2ps;+e
Isy+e=2p,+e
Is,+e=2p, +e

Table 13 Radiative reactions implemented in the Argon model

Radiative decay

Isy = GS + ho

Is, = GS + ho

2pyy = lss + ho
2py = 155+ ho
2pg = 1s5 + ho
2p; = 1s5 + ho
2ps = 155+ ho
2p; = lss + ho
2p, = ls5 + ho

2pip = ls3 + ho
2p; = 1s; + ho
2py = 153 + ho
2p, = 1s; + ho
2pio = lsy + ho
2pg = s, + ho
2p; = ls, + ho
2pe = s, + ho
2ps — 1s; + ho

2p; = sy + ho
2p, = ls, + ho
2pg = 15y + ho
2p; = 1s, + ho
2pg = 15, + ho
2py = 1s, + ho
2p; = 1s, + hw
2py = ls, + ho
2p, = 1s, + ho

Table 14 Radiative reactions implemented in the Xenon model

Radiative decay

Isy, = GS + ho

Is, = GS + ho

2py = lss + ho
2py = 155+ ho
2pg = 155+ ho
2p; = 1ss + ho
2pg = 155+ ho
2py = 153+ ho
2p, = 1s3 + ho

2py = lsy + ho
2p; = ls, + ho
2pg = 1s; + ho
2ps — 1s; + ho
2p; = 1s, + ho
2py = 1s, + ho
2p, = 1s, + ho
2p, = 1s, + ho
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