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Abstract

®

CrossMark

Electric propulsion devices of using xenon propellant are nowadays widely adopted for the space
missions. A collisional-radiative (CR) model of xenon needs to be developed to understand the
kinetic mechanisms of the excited and energetic species in these devices and also to support their
optical diagnostics. Previously, due to limitations in the fundamental cross section data, Xe CR
models focused on the atomic species; the ionic species, which also play important roles for the
thrusters, were not studied in detail. In our previous paper, a fully relativistic Dirac B-spline
R-matrix method was applied to calculate the relevant cross sections for electron collisions with
the Xe™ ion. Based on these data, a comprehensive CR model—with the kinetics of metastable
and excited levels of both Xe and Xe™ included—could be built. The calculated density
distributions of atomic and ionic levels are examined by optical measurements in Hall thrusters
in all of the four typical regions (near-anode-, ionization-, acceleration-, and plume-region). The
special kinetic behaviors of the excited species are analyzed, and a set of rate coefficient data

used for the Xe CR model is also provided.

Supplementary material for this article is available online
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1. Introduction

In recent years, different kinds of electric propulsion (EP)
systems were developed for aerospace missions, which
became an important topic in the area of plasma source
research [1-5]. Especially, Hall and ion thrusters of using
xenon propellant have been used on many satellites [6, 7].
There are investigations on EP devices by fluid and particle-
in-cell simulations [8—11] and diagnostic (probe, optical, and
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laser) methods [12-17] and studies on new structures and
materials for these devices [18, 19]. Xe collisional-radiative
(CR) models for EP devices are also required to describe the
kinetic behaviors of the excited species in numerical simu-
lations as well as to predict the plasma emission spectra for
diagnostic technique, e.g. by optical emission spectroscopy
(OES) method.

Karabadzhak et al built a CR model for atomic levels of
Xe [20], based on the optical cross sections measured by Chiu
et al [21], to study the Hall thruster model D-55 in 2006. This
model can predict the intensities of several emission lines in

© 2019 IOP Publishing Ltd
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the wavelength range of 789-980 nm and was used for an
OES line-ratio method to measure the electron temperature
(T,) in the plume region of D-55. In 2009, Dressler et al
improved the above CR model by utilizing the theoretical
cross sections calculated by Zatsarinny and Bartschat using a
semi-relativistic Breit—Pauli B-spline R-matrix (BSR) method
and the data calculated by Srivastava and Sharma using a
distorted-wave (DW) method [22]. This improved model was
tested by the spectral data from D-55 as well as another Hall
thruster, BHT-200, and it was then used to study the role of
metastable states in these devices. Yang et al proposed
another CR model with 173 atomic levels of Xe included for a
Hall thruster in 2010 [23], based on cross sections obtained
by the atomic code from the Los Alamos National Laboratory
also with the DW method [24]. Their model was used for the
optical diagnostics of an electron cyclotron resonant ion
source in 2013 [25].

The previous models were mainly developed for inves-
tigating the Xe atomic levels and the atomic spectra from the
plume region of thruster, and they cannot predict the inten-
sities of ionic lines in the visible range, which play a domi-
nant role when one uses CCD cameras for plume imaging
[13]. In addition, the previous models adopt the assumption of
an optically thin plasma, which can lead to inaccuracies for
the near-anode- and ionization-regions of Hall thrusters.

In the present work, a CR model including both ionic
and atomic excited levels is developed. It is based on the
cross section and Einstein coefficient data calculated by a
fully relativistic Dirac B-spline R-matrix (DBSR) method
[26, 27]. To study the accuracy of this model, calculated
atomic and ionic excited level density distributions are
compared with those from optical measurements in the
near-anode-, ionization-, acceleration-, and plume-region of
Xe Hall thrusters. In addition, kinetic processes of the
typical 6s, 6p, and 5d levels are analyzed in detail by using
this model.

This paper is organized as follows. Section 2 describes
the model while section 3 introduces the experiment.
Section 4 compares the calculated and measured level density
distributions, and investigates the dominant kinetic processes.
Section 5 discusses the effect of the electron energy dis-
tribution. Conclusions are drawn in section 6. A supplemental
database is available online at stacks.iop.org/PSST/28/
105005 /mmedia for the important rate coefficient data is
given in the appendix.

2. CR model

This section introduces the energy levels (section 2.1), fun-
damental data (section 2.2), and kinetic processes
(sections 2.3 and 2.4) of the CR model. The rate balance
equations are given in section 2.5, from which the density
distributions of both atomic and ionic excited levels can be
obtained (and will be compared with the experiments in
section 4).

Table 1. Xe(6p) levels in the present CR model.

Configuration Term J E (V) NISTNo A (nm)
5p°CP% ) 6p 2[5/21 3 9.721 8 881.9
5P°CP% ) 6p %[5/21 2 9.686 7 904.6, 992.3
5p°CP% ) 6p %[3/2]1 2 9.821 10 823.2, 895.2
5p°CP% ) 6p %[3/21 1 9.789 9 980.0
5P°CP% ) 6p P[1/2]1 1 9.580 6 840.9, 916.3
5p°CP%.) 6p 2[1/2] 0 9.933 13 828.0
5p°CP% ) 6p %[3/2]1 2 11.055 34 834.7
5P°CP% ) 6p 7[3/2]1 1 10958 24 820.6, 893.1
5p°CP° ) 6p 21721 1 11.069 36 764.2, 826.7
5P°CP% ) 6p P[1/2]1 0 11.141 38 788.7

2.1. Energy levels

This CR model focuses on the kinetics of the 5p°6s, 5p°6p,
and 5p°5d levels of Xe and those of the 5p*6s, 5p*6p, and
5p*5d levels of Xe™. The atomic 7s, 7p, and 6d levels (called
high-lying levels below) are also included, but the cross
section data for the high-lying ionic levels are not available
yet and these levels are not investigated here. Two ionic
levels in 55°5p° group with J =3/2 and J=1/2 (J is
quantum number for the total electronic angular momentum)
are considered as separate levels, and the level 5s5p6 with a
hole in the 5s subshell is included as well.

The 5p°6p and 5p*6p levels are the most important ones
to study, because (i) their density distributions can be directly
examined by the optical experiments and (ii) they are domi-
nant for the OES diagnostics based on the CR model [20]. In
addition, the 65 metastable levels of Xe, the 5d metastable
levels of Xe", and the 6s ‘quasi-metastable’ levels of Xe™
(i.e. the low-lying ionic levels with relatively long lifetimes)
also play important roles, considering their contribution to the
two-step excitation and ionization processes.

The following tables 1-6 provide information on the
Xe(6p), XeT(6p), Xe(6s), Xet(6s), Xe(5d), and Xet(5d)
levels, including the configuration, term, quantum number J,
level energy E (relative to the ground state of Xe or Xe™),
vacuum wavelength A of the experimentally observed strong
lines (from the 6p levels). The column ‘NIST No’ provides
the level number in order of increasing energy according to
the NIST database [28].

2.2. Fundamental data

2.2.1. Excitation cross sections. Some of electron-impact
cross sections can be experimentally determined, for example,
by electron energy-loss spectroscopy (EELS) or an optical
method. Buckman er al obtained an entire electron-impact
excitation function for the Xe atom by the EELS method [29]
while Allen ef al measured the angle-differential cross
sections for electron-impact excitation of Xe into the four
5p°6s levels [30]. By the optical method, Lin’s group
measured the electron-impact cross sections of Xe into the
5p°6p [31, 32] and 5p°7p levels [33] out of the ground state as
well as the metastable levels. We note that the available
experimental data in the literature cannot provide a full set of
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Table 2. Xet(6p) levels in the present CR model.

NIST
Configuration Term J E (V) No A (nm)

5p*CPy)6p 231° 7/2 14.098 31 484.4, 699.1
5p*CPy)6p 2[3]1° 5/2 14074 29  541.9,553.1,572.0
5p*CPy)6p 21° 5/2 13881 26 5292, 605.1
5p*CPy)6p 21° 3/2 13860 25  533.9,597.7, 609.8
5p*CP,)6p 2[11° 3/2 14479 35 4603, 714.9
5p*CPy)6p 11° 1/2 14094 30 5372, 566.8
5p*CP)6p 21° 5/2 15264 41 4921, 680.6
5p*CPy)6p 2[21° 3/2 15282 42 526.0,577.6
5p*CPy6p 11° 3/2 15410 44 5751

5p*CP)6p 1° 1/2 15445 46 7548

5p*CPy)6p 201° 1/2 15.024 39 5439

5p*CPy)6p Z[11° 3/2 15080 40 4884

5p*CPo)6p 11° 1/2 14930 37 519.1

5p*('Dy)6p 2[31° 7/2 16126 52 487.7,575.9, 659.5
5p*('Dy)6p 231° 5/2 15978 49  627.1,716.5
5p*('Dy)6p 21° 5/2 16392 54 5727

5p*('Dy)6p 2[21° 3/2 16356 53 5262

5p*('Dy)6p 11° 3/2 16077 51 497.3,597.1
5p*('Dy)6p 11° 1/2 16458 56 5045

5p*("So)6p 2[11° 3/2 18497 105

5p*(*Sp)6p 11° 1/2 18378 101

Table 3. Xe(6s) levels in the present CR model.

Configuration Term J E(EV) NIST No
5p°CP% )6 °[3/21° 2 8315 2
SP°CP% )65 C[3/21° 1 8437 3
SP°CP°)6s  C[1/21° 1 9.570 5
Sp°CP°)6s  C[1/2]° 0 9.447 4

Table 4. Xet(6s) levels in the present CR model.

Configuration Term J E@EV) NIST No
5p*CPy)6s 21 5/2 11539 4
5p*CP,)6s 2] 3/2 11786 5
5p*CPy)6s 21 3/2 12745 13
5p*CPy6s 1] 1/2 13255 18
5p*CPy)6s 0] 1/2 12542 11
5p*('D,)6s 21  5/2 13.584 23
5p*('Dy)6s 221 3/2 14.001 28
5p*(*S0)6s 0] 1/2  16.025 50

cross section data for a comprehensive Xe CR model. To our
knowledge, the excitation cross sections for the Xe™ ion in
particular have not been measured; even for the atoms, the
data for excitations out of the resonance states and many
excited states are not available.

As seen in paper [26], DW and R-matrix (close-coupling)
methods have been used for calculating e-Xe and e-Xe™
collision cross sections. The former is believed to be accurate
for electrons of sufficiently high energy (tens to hundreds of
eV), provided the target structure is described sufficiently
well. At low incident energies, in particular below the

Table 5. Xe(5d) levels in the present CR model.

Configuration Term J E (V) NIST No
5p°CP%5d  [7/21° 4 9.943 14
5p°CP°2)5d  °[7/21° 3 10.039 16
5p°CP%)5d  °[5/21° 3 10.220 18
5p°CP%)5d  *[5/21° 2 10.158 17
5p°CP%05d  ([3/21° 2 9.959 15
5p°CP%)5d  [3/21° 1 10.401 19
5p°CP°)5d  [1/2° 1 9917 12
5p°CP%0)5d  [1/2° 0 9.890 1
5p°CP°)5d  [5/21° 3 11375 52
5P°CP° )5d  *[5/21° 2 11302 50
5p°CP°)5d  [3/21° 2 11338 51
5pP°CP°)5d  [3/21° 1 11.607 85

Table 6. Xe*(5d) levels in the present CR model.

Configuration Term J E (eV) NIST No.
5p*CP,)5d 4] 9/2 12325 10
5p*CPy)5d 4] 7/2 12589 12
5p*CPy)5d 23] 7/2 11.833 7
5p*CP,)5d 73] 5/2 13.201 17
5p*CP,)5d 2] 5/2 11.828 6
5p*(P,)5d 21 3/2 11907 8
5p*CPy)5d 11 3/2 13.057 15
5p*CPy)5d 11 1/2 12.009 9
5p*CPy)5d 0] 1/2 13.136 16
5p*CPy)5d 3] 7/2 13.443 22
5p*CPy)5d 23] 5/2 14227 32
5p*CPy)5d 21 5/2 13974 27
5p*CPy)5d 2] 3/2 13.803 24
5p*CPy)5d 211 3/2 13379 20
5p*CPy5d 1 1/2 12925 14
5p*CPy)5d 21 5/2 13391 21
5p*CPy)5d 21 3/2 13314 19
5p*('Dy)5d 4] 9/2 14246 33
5p*('D,)5d 4] 7/2 14248 34
5p*('Dy)5d 3] 7/2  14.984 38
5p*('D,)5d 3] 5/2  14.765 36
5p*('D,)5d 21 5/2 15412 45
5p*('D,)5d 21 3/2 15811 48
5p*('D,)5d 11 3/2 15383 43
5p*('Dy)5d 11 1/2 15747 47
5p*('D,)5d 0] 1/2 16745 58
5p*('So)5d 2] 5/2 16933 64
5p*(*S0)5d 21 3/2 17118 66

ionization threshold, close-coupling is the method of choice
[34]. Attempts to extend close-coupling to higher energies
include the convergent close-coupling (CCC approach) [35]
and the R-matrix with pseudo-states (RMPS) method [36, 37].
Only for the latter, general computer codes exist [38—41] that
can handle complex targets. Calculations of Xe excitation
cross sections by the DW approach can be found in [42—44]
and those by a semi-relativistic Breit—Pauli B-spline R-matrix
method in [27]. In the present work we use the cross sections
calculated by a fully relativistic Dirac B-spline R-matrix
(DBSR) method for electron-impact excitations between Xe
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states [27] and those between Xe' states [26]. A fully
relativistic approach is necessary for Xe® because of
significant relativistic effects.

The electron-impact ionization-excitation out of the
atomic ground state is important in the production of ionic
6p levels at high electron energy, and the ion-impact
excitation and ionization-excitation processes play a role of
producing atomic and ionic 6p levels in the acceleration- and
plume-region. Apparent cross sections for these processes
(from the atomic ground state to the 6p levels) can be
obtained from the emission cross sections in [21, 45] and
adopted in this model.

The ns and nd levels of Xe' are also produced by the
above processes; however, their cross sections are not
measured. Note that some of the high levels in the ns or nd
groups mainly decay to certain 6p levels; their contribution to
these 6p levels, due to cascades following the above
excitation processes, is already accounted for in the 6p
apparent cross sections. Therefore, we do not consider the
above processes for these ns or nd levels. This might lead to
inaccuracies in their densities but keeps the results for 6p
accurate. On the other hand, cascades from the 6p levels can
be the dominant source for some of the low levels in the ns or
nd groups; the above excitations are negligible in comparison.
As for the other ns and nd levels, their excitations are
considered separately in the model with the cross sections
roughly estimated from that of the 6p level nearest to them.
The accuracy of the 6p densities is not significantly influenced
by this approximation, since there is no efficient coupling in
kinetics between this kind of levels and the 6p levels.

2.2.2. lonization cross sections. Reliable measurements of
the ground-state ionization cross sections for Xe and Xe™ can
be obtained from the literature, e.g. [46, 47], while the data
for ionization of excited levels have not been measured. In
principle, these data can be calculated by the DBSR method,
but with a large-scale model of hundreds of target states and a
large amount of computational resources. Since the ionization
processes from excited levels are much less important to the
rate balance of these species than their excitation processes
(see section 4 below), we use the semi-empirical Deutsch-
Mirk formalism [48] for an estimate.

2.2.3. Charge exchange. Charge exchange (CEX) is another
important process, for which experimental cross sections are
available in the literature [49-51]. For the thrusters
considered in the present work, a mean free path >200 mm
is estimated from the gas density and the charge transfer cross
sections, this being much larger than the characteristic length
of the discharge channel of ~10 mm. As a result, the CEX
process is not significant in this channel. However, when
investigating the plume region with a length of ~1m or
longer, CEX plays an important role in reducing the number
of high-energy ions.

2.2.4. Einstein coefficients and diffusion coefficients. There
exist reports of measurements of Einstein coefficients for

atomic and ionic transitions in Xe [52-54]. Calculated data
can also be found [26, 27, 55]. Most of these theoretical and
experimental data are in agreement with each other. For
consistency we use the Einstein coefficients calculated by the
DBSR method in [26, 27].

The diffusion-controlled wall deactivation is an impor-
tant depopulation mechanism for the metastable atoms in the
discharge channel of thrusters. Diffusion coefficients, as well
as the two- or three-body collisional quenching coefficients,
have been fully investigated e.g. in [56, 57]. From these data
one can calculate the diffusion loss rate as well as estimate the
atom-atom collisional quenching rate, and find the latter
process is ignorable under the condition in this work.

2.3. Important Kinetic processes

Among many types of kinetic processes in a rare-gas dis-
charge [58], only some are important to the kinetics of the
6s, 6p, and 5d levels for the EP devices e.g. Hall thrusters.
The processes excluded from the list of ‘important pro-
cesses’ are labeled ‘other processes’ and discussed in the
next section.

The important kinetic processes include: (i) electron-
impact excitation and de-excitation,

e + Xe <« e + Xe¥*, (1)
e + Xet «— e + Xet*, 2)
e + Xe* «— e + Xe**, 3)

e + Xet* < e + Xet**, 4

where ¢ denotes an electron, Xe and Xe™ xenon atoms and
ions in their ground-state, Xe* and Xe™ xenon atoms and
ions in low-lying excited states, and Xe** and Xe*"* excited
atoms and ions in higher Rydberg levels (the excitation cross
sections are calculated by the DBSR method and the de-
excitation cross sections are given by the Klein—Rosseland
formula [59] based on these data); (ii) electron-impact
ionization

e + Xe/Xe* — 2e + Xet, 5
e + Xet/Xet* — 2e 4+ Xe?t, (6)

where Xe®" denotes doubly-ionized xenon ions; (iii) electron-
impact ionization-excitation

e + Xe — 2e + Xet*; @)

(iv) ion-impact excitation and ionization-excitation
Xeth + Xe — Xe* + product, (8)
Xet" 4 Xe — Xet* + product, 9
where Xe ™ means high-energy ions; (v) spontaneous radiation
Xe* /Xe** — Xe/Xe* + hv, (10)
Xet* /Xet** — Xet /Xet* + hv, (11)

where hv denotes a photon; (vi) self-absorption (radiation
trapping)
Xe/Xe* + hv — Xe*/Xe**,
Xet/Xet* + hy — Xet*/Xet**,;
(vii) charge exchange

12)
(13)
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Xet /Xet + Xe — Xe"/Xe + Xe™, (14)

where Xe means high energy atoms; (viii) diffusion-controlled
wall deactivation of the atomic metastables (in the discharge
channel)

wall

Xe™ — Xe, (15)

where Xe™” refers to the metastable levels of Xe. This list of
processes covers the important kinetic mechanisms found in the
previous EP modelling research reported, for example, in [20].

2.4. Other processes

Here we introduce some other processes and explain the
reasons why they are not included in the model. Firstly, the
electron-ion recombination process is ignored because its rate
decays fast with increasing electron energy [58]. In a mean
electron energy range ~5-20eV of the EP devices, the
recombination rate is smaller than the excitation rate by
several orders of magnitude. Secondly, the Penning ionization
process is found to be important only for high-pressure,
weakly-ionized plasmas, e.g. at pressures >10°Pa and an
jonization ratio <107 [58]. Processes involved with excimer
(Xe,®) and molecular ion (Xe3) play significant roles at even
higher pressures, e.g. 10*Pa. Considering the neutral gas
pressure in the thruster here is <1 Pa (section 3), the above
processes can be ignored.

In principle, one should investigate the transport-controlled
surface recombination for the ions in the metastable levels as a
loss channel like the role of process (15) above. However, we
find this process to be not important here. Notice that, for both
the ionic metastable and quasi-metastable levels, e.g. 5p*5d
2131° /2> and 5p*6s *[21°s /2, there are strong excitation channels
to the 6p group, which can decay to other ns or nd levels and
lead to an effective loss for the metastable and quasi-metastable
levels. This is quite different from the phenomenon found in the
rate balance of atomic metastable levels, e.g. 5p56s 2[3 /21, for
which strong excitations to the 6p levels cannot lead to a fast
loss since most of these 6p levels decay to level 5p5 6s %3 /2]>in
return. This can be understood from the different energy
structures; the atomic 6s, 6p, and 5d groups are separated in
energy, but the ionic 6s, 6p, and 5d groups are mixed. As a
result, the ionic 6p levels have more radiative decay channels.
To confirm this analysis, we estimated the loss frequency by
this surface recombination of ionic levels using a particle-in-cell
code [60] and found its contribution to be at most ~5% for the
metastable levels and always <0.5% for the excited levels
compared with other mechanisms.

As seen from equation (14), high-energy atoms can be
produced by the CEX process. These atoms might play a role
in the excitation process in the far-field plume region. The
atom-impact excitation mechanism was studied in [61] in a
high-voltage sheath of a glow discharge. Using the expression
given in [61], we estimate the high-energy atom excitation
cross section to be smaller than that of high-energy ion
excitation cross section by about one order of magnitude at
500 eV. Hence we ignore the atom-impact excitation process,
considering that (i) the flux of high-energy atoms cannot be

much larger than that of high-energy ions for the present
thruster and (ii) the maximum contribution of the ion-impact
excitation is only ~5%, as shown in section 4.

2.5. Rate balance equation

Considering all the important processes in section 2.3, the rate
balance equation for the atomic and ionic excited levels (in a
steady state) can be written as:

DR A R+ DR = 3R,

y=x y>x y<x y=X
+ Y RM, + SOR™S, + R (16)
y<x y>x

Here R means reaction rate; ‘col’, ‘rad’, and ‘abs’ refer to
collision (excitation, ionization, and ionization-excitation),
radiation, and absorption processes, respectively. RY"is the
loss rate due to diffusion or transport. The subscript y refers to
a level different from the excited level x, including the atomic
and ionic ground states; y < x means level y is lower than
level x in energy.

2.5.1. Collision terms. The collision terms in the above
equations can be expressed as:

Rcol,e =n,-n,- Qe and RCO],! _

y—Xx V—X y—x

ni-ny-Q .. (17

Here n, and n; are the electron and ion densities; the
superscripts e and i denote the electron- and ion-impact
processes. The electron-impact rate coefficient is calculated
as:

0 2E,
0= [ i B g(E)-dE. (1)

Ey m,

Here o° is the electron-impact cross section for
excitation, ionization, and ionization-excitation; E, and m,
are the electron energy and mass; E, is the threshold energy
for reaction; g, is the electron energy distribution function
(EEDF). In previous CR models Maxwellian EEDFs are often
assumed for low-pressure discharges with relatively high
electron densities [62, 63] and also for the plume region of
Hall thrusters [22, 23], which can be confirmed by Langmuir
probe measurements [64, 65] and simulations [66]. We also
make this assumption for the plume region. As for the regions
inside the discharge channel, however, special non-Maxwel-
lian EEDF forms, e.g. the ‘Bugrova distribution’ [67, 68], are
found for some widely-studied Hall thrusters such as the SPT
series [69]. The Bugrova distribution is expressed as:

(B = S EN 2~ E) with 0 < E, <

andE, = Sy = 2., (19)
7 2

Here T, is an ‘effective electron temperature’ defined for
the Bugrova distribution through the mean electron energy.
The physical mechanisms for the above EEDF form have
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been explained by Bugrova and co-authors [67, 68]. Speci-
fically, the electron-wall interaction plays an important role in
Hall thrusters. High-energy electrons can overcome the
potential barrier of the wall sheath, lose their energy when
reaching the wall, and return to the plasma bulk with low
energy. This causes de-population of high-energy electrons
and the production of low-energy electrons. As a result, the
Maxwellian distribution formed outside the channel is
changed into a Bugrova distribution inside the channel. In
this work, we investigate the near-anode-, ionization-, and
acceleration-region of a Hall thruster HET-P70 of our group.
It is developed based on an SPT-70 thruster and has similar
dynamic characteristics. So we assume a Bugrova EEDF and
further analyze it in section 5.

The ion-impact rate coefficient in equation (17) should be
calculated by:

i b i 2El
Qy—>x = f J)7—>x(Ei) : A : gl(El) : dEi’
Eo m,'

where o', E;, m;, and g; denote the ion-impact cross section,
ion energy, ion mass, and ion energy distribution function
(IEDF), respectively. The ion-impact process is actually only
important for the plume region, where we use a retarding
potential analyzer (RPA) to measure the EDF as done in [70].
If an RPA is unavailable, one could use a simplified form:

(20)

2Ev ith ¢(By)

1

0 ., =¢&Ey) - a)  (Ey) -

= exp (—ocex(Ev) - ng - d). 2n

Here Ey is the ion energy according to the applied
voltage and the factor £ accounts for the loss of high-energy
ions by charge exchange (ocgx is the charge exchange cross
section, n, is the atom density, and d is the distance from the
channel exit). This form can also be used for the acceleration
region by changing the value Ey according to the electric
potential drop and using £ = 1 (the length of acceleration
region is much shorter than the mean free path of ions in this
region). Equation (21) provides a zero-order estimate of the
IEDF. It is acceptable when the contribution of the ion-impact
process is small (e.g. ~5% in this work). A more accurate
calculation of IEDF can be obtained by models like those
developed in [71, 72].

2.5.2. Radiation and absorption terms. The radiation and
absorption terms in the rate equation (16) can be expressed as:

Rrad _Rabs _

y—x X—y (22)

yﬂx(nx) : Ayﬂx * Ry

Here y is the upper level and x is the lower level; A is the
Einstein coefficient for spontaneous radiation and I is the
escape factor. Equation (22) is actually a simplified expres-
sion for describing the radiation trapping phenomenon in a
plasma medium. A detailed investigation of this topic was
performed in our previous work [73], and the escape factor is

given by:

— exp(—qy - 7)

2
I'(r) = 2
M= (23)

Here 7 is the optical depth of plasma calculated by
equation (16) in [73] from the lower level density n, and the
plasma radius r. The coefficients ¢y, ¢, and k can be found
in [73].

2.5.3. Diffusion and transport terms. As mentioned in
section 2.3, the diffusion-controlled wall deactivation of the
Xe(6s) metastables should be included, whose rate is
calculated by [74]:

2\~! -1
RY' =K, - nyand K, ' = (Dx . X(L) + (E) . (24)

Here D, is the diffusion coefficient of species x, r the
radius of plasma, vy the mean speed of atoms, and X
2.405. The cross section of discharge channel is a ring, and
we use approximation r = (Fou — #in)/2 in equation (24).
Here r,,, and r;, are the radii of the outer and inner walls,
respectively. In the far-field plume region (e.g. 600 mm
from exit), the plasma expands to the whole discharge
chamber (radius 1 m here) with a bright region (radius of the
order of magnitude of 0.1 m) in the axial center. In this case,
the density gradient of excited species is much smaller than
in the channel, and the self-absorption effect and diffusion
loss are weak and ignorable for the metastable and 6p
levels®.

As explained in section 2.4, the transport loss of ionic
metastable and excited levels is much less important than
the electron-impact depopulation; however, for two lowest
states, 55°5p° 2P°3/2 and 55°5p° 2P°1/2 of Xe™, the transport
term in equation (16) is not negligible. In this case, we
write:

R;’/’ =C, - n,and qu/’ = C, - ny. (25)

Here p and ¢ refer to the levels 5525p° 2P »2 and
5s25p5 2P°1 /2, respectively; n and C are their densities and the
loss frequencies due to transport. We introduce two
approximations:

C,~ Cjand n, + ng = n,, (26)

where n, is electron density (quasi-neutrality). From
equations (16), (25) and (26), n, and n, can be obtained.

5 Here an effective plasma radius is still needed in the model, mainly to give
the escape factor of the resonance radiation lines, which is roughly estimated
by r = rou + tanf - d (0 is the plume divergence angle [75] and d the
distance from the channel exit). Inaccuracy caused by this assumption is
acceptable when the excitation processes from 6s and 5d resonance levels are
not important for the 6p levels, as found by the CR model for the plume
region in our thruster.
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Figure 1. Diagrams of the Hall thrusters HET-P70 (a) and HET-140 (b). The small stereograms in (a) show how to observe the plasma inside

the channel (introduced in detail in section 3.2).

Table 7. Plasma parameters for specific positions in two Hall thrusters. Positive position means outside of the channel exit and negative for
inside; the distance from anode to exit is 20 mm for HET-P70. T, n,, n,, E;, and r refer to the electron temperature (effective value for the
Bugrova distribution), electron density, neutral gas density, ion energy, and plasma radius, respectively.

-3

Device Position (mm) 7, eV) n, (10'" cm ng 10 em™)  E; (V) r(mm) EEDF

P70 —13 8 1 20 — 7 Bugrova
P70 -8 12 2 6 — 7 Bugrova
P70 -3 18 6 4 120 7 Bugrova
P140 600 5 1.5 1.5 500 230 Maxwellian

3. Experiment

3.1. Hall thruster

Experiments in the present work are performed on two
models of Hall thrusters using Xe as working gas. The first
model HET-P70 (power ~1 kW, channel diameter 70 mm) is
an Aton-type Hall thruster, which was developed based on the
SPT series with the device structure and magnetic field design
improved. The typical plume half divergence angle is ~20°.
To enhance the focusing effect, another model HET-P140
(power ~5kW, channel diameter 140 mm) was developed
more recently, for which the plume half divergence angle is
<15°. Figure 1 shows the schematic diagrams of these
thrusters. Both consist of a discharge channel, anode, magn-
etic coils, magnetic circuit, and hollow cathode (omitted in
figure for clarity). HET-P70 is operated at a voltage of 300 V
and gas flow rate of 35 sccm (99.999% Xe), while HET-P140
is operated at 500 V and 100 sccm.

HET-P70 is used to examine the prediction of the CR
model in the near-anode-, ionization-, and acceleration-
region, considering that its physical characteristics are
essentially similar to the SPT series and were fully studied

during the past decade [76-81]. For example, the electron
energy distribution in the channel of HET-P70 was found to
generally obey the Bugrova distribution [81], the plasma
parameters, including the electron temperature or mean
electron energy, electron density, gas density, gas temper-
ature, and pressure were known from a serial of experiment
and simulation works [60, 76, 77, 81-84], and the method of
changing the ionization distribution in the discharge channel
was also fully studied [81]. In addition, benchmark validation
of the simulation code for HET-P70 was done like that in [85]
by comparing the performance parameters (discharge current,
thrust, and anode efficiency) from simulation and experiment.
Major plasma parameters of HET-P70 in the near-anode-,
ionization-, and acceleration-region are given in table 7.

In addition to the above regions, the far-field plume
region—at a distance much longer than the mean free path of
the ions—is also concerned for EP research due to the
background gas effect. However, the ionic emission lines in
the far-field plume region of HET-P70 (e.g. at distances
>500 mm) are too weak in the optical measurement due to
relatively large plume divergence angle and small discharge
current. We use the HET-P140 thruster instead to examine the
model, considering that the plasma properties in its plume
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Figure 2. Typical emission spectrum in the channel (position —5 mm) of HET-P70.

1000

region can be studied by using a Langmuir probe (electron
density and EEDF), a Faraday probe (ion current), and an
RPA (IEDF) like in [70, 86]. The gas temperature in the
plume region is obtained by simulations considering the CEX
effect [81], and then the gas density can be calculated from
the measured gauge pressure.

In table 7 four specific positions are selected for (i)
relatively good signals in the optical measurements and (ii)
typically different plasma properties. The region with too
weak ionic lines, the transition region between ionization and
acceleration regions, and the near-field plume region without
specific kinetic processes are excluded. In section 3.2 we
explain this selection in more detail by showing the spatial
intensity distribution of the atomic and ionic emission lines.

3.2. Optical measurement

In order to measure the emission spectra in the far-field plume
region (at 600 mm from the exit), an optical fiber is fixed
along the radial direction of the HET-P140 channel and at a
distance of 500 mm from its axis (i.e. out of the plume region
with radius of 230 mm). A Horiba FHR-1000 CCD spectro-
meter is used to obtain the spectra in the wavelength range of
300-1000 nm. With a slit width of 20 ym in the experiment,
the spectral resolution is ~0.05 nm. The entire optical system
is calibrated by a tungsten ribbon lamp for a relative spectral
response.

A specific structure is designed to measure the emission
spectra inside the discharge channel of HET-P70 [77]. As
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Figure 3. Emission intensities of four lines in HET-P70. For clarity the uncertainties of weak lines are separately shown on the right.

seen in figure 1(a), the outer coils can be moved between two
positions and an optical probe made of ceramic (length
40 mm, outer diameter 3 mm, and inner diameter 2 mm) is
inserted into the narrow slit (width 4 mm) on the outer wall.
The emission in the near-anode-, ionization-, and accelera-
tion-region is thus observed by the fiber connected to this
optical probe.

Before studying the inside plasma, one needs to make
sure that (i) the slit is sufficiently narrow so that the state of
the working gas is not significantly affected and (ii) the
magnetic field in and around the channel is not significantly
affected either by moving the coils. Therefore, before carrying
out the optical measurements, we compare the performances
of two HET-P70 thrusters with and without the slit as well as
the performances when the outer coils are at different posi-
tions. We found that all the major parameters are unchanged
in these cases, because (i) the slit width is much smaller than
the channel size and (ii) the magnetic field shape is deter-
mined by the magnetic circuit.

Figure 2 shows a typical spectrum measured in the
channel of HET-P70 (at —5 mm). The upper levels of rela-
tively strong lines are indicated. In general, the Xe " (6p) lines
are dominant in the range of 450-700 nm, i.e. the visible
range often concerned for a camera imaging research [13, 87];
most of the Xe(6p) lines are in the range of 800—1000 nm.

Actually, from the spatially resolved emission line
intensities, one could also investigate the change of plasma
state in the different regions, in addition to simulation and
probe methods used before [76, 83, 84]. Figure 3 shows the
normalized emission intensities of four typical lines from the
Xe(6p) and Xet(6p) groups, from —20 mm (anode edge) to
5mm (outside of the channel exit). The intensity profiles of
these lines are significantly different.

For example, the ionic lines are very weak in the region
from —20 to —10 mm; lines from relatively high levels (e.g.
627.1 nm) are difficult to be measured at <—12 mm. This is
due to it being in the near-anode region with a low ionization
ratio. From about —10 to —5 mm, the intensity of the ionic
lines increases fast; especially, a sharp increase is found
around —7 mm. This is the ionization region. After that, the

ionic line intensity reduces due to the acceleration process
(higher speed and lower density). The atomic density
decreases in the ionization region, while the electron temp-
erature peaks in the transition zone between the ionization and
acceleration regions [77]. As a result, a peak of atomic line
intensities is observed near —6 mm.

4. Results

There are two main topics to be dealt with in this section.
Firstly, calculated and measured level density distributions
are compared to examine the accuracy of the model. The
former results are obtained by solving the rate equations in
section 2 (using parameters in table 7), and the latter are given
by dividing the measured line intensities by the corresponding
Einstein coefficients. For almost all upper levels we can find a
line with the lower level not being metastable and thus not
affected by the radiation trapping process. The only exception
is (°P°% 2) %[5/2]5 of Xe(6p), for which we consider the
escape factor from the model when obtaining its level density.
After the comparison of level density distribution, the detailed
kinetic processes of 6p, 6s, and 5d levels are investigated.

4.1. Experimental and modelling 6p level densities

Figures 4-7 show the calculated and measured densities of ten
Xe(6p) levels and nineteen Xe+(6p) levels for the positions
—13, —8, and —3 mm of thruster HET-P70 and that at
position 600 mm of HET-P140. The total density is normal-
ized to unity for comparison, considering the emission line-
ratios in experiment give relative species densities. These
levels are divided into several groups according to the cores
(*P3/> and °P, /5 for Xe and Py, Py, *Py, and 'D, for Xe™).

The error bars in figure 4 reflect the uncertainty in
experimental density (discussed in detail later). The exper-
imental densities of high Xe*(6p) levels between 3P, 2[11% /2
and lDz 2[1]01 /2 are not given here, since the signal of their
emission lines is even lower than the noise at this position
(see line 627.1 nm in figure 3). As for the levels ('So) 2[1]"3/2
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Figure 5. Normalized density of 6p levels in the ionization region (—8 mm).

and ('So) *[11% 2 of Xe™(6p), their emission lines are not
observed in this work.

In general, we find that the modelling and experimental
results, especially for the *P; /2 group emitting strong lines,
are in agreement here. The relative densities of the ionic 6p
levels are only ~10~*~107>. The position of figure 4 (—13 mm)
is already near to the edge between near-anode- and ionization-
region; for a position nearer to the anode, the ionic lines are
even weaker.

In the ionization region the relative density of Xe ' (6p) is
increased; in figure 5 (position —8 mm) it is ~107°—107%,
higher than that in the near-anode region by a factor ~5-10.
Actually, in table 7 the plasma density at —8 mm is higher

10

than that at —13 mm only by a factor of 2. However, the
production rate of Xe"(6p) is roughly proportional to the
square of the plasma density and also increases significantly
with the electron temperature.

Figure 6 shows the level density for the position —3
mm, being in the acceleration region and near the position
of ionic line intensity peak in figure 3. We see that the shape
of the curve in figure 6 becomes different from the above
figures; specifically it changes from a ladder-like shape to a
relatively flat curve. The density of the ionic P, group is
even close to that of the atomic 2P] /2 group. This is a result
of large increases in both the electron temperature and
density.
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Figure 7. Normalized 6p density in the plume region (600 mm) of thruster P140.

In figure 7 the level density distribution in the plume
region (HET-P140, 600 mm from exit) is changed again in
comparison with the above ones. For example, the density
ratio of (CPy) ’[1]°, /2 to CP,) [11°% /2 in figure 7 is higher
than that in figure 6 by a factor ~5.

In figures 4—7 we use a log-scale considering the large
difference between the level densities, but the uncertainties
for some levels and the ratio between the calculated and
measured densities are not obvious in this case. As a sup-
plement, tables 8-9 collect these data from the above figures.
In table 8 n*P and n™° refer to the densities from experiment
and model, while An™*P denotes the experimental uncertainty
in level density. Four causes are considered to estimate

11

An®*P, that is, (a) the noise in the optical measurement
(significant for some groups e.g. 'D, emitting weak lines but
ignorable for some others, e.g. the 2P; /»2 emitting strong
lines), (b) the uncertainty in the Einstein coefficient data, (c)
the uncertainty of spectral response of the optical system, and
(d) a possible inaccuracy in the escape factor caused by the
plasma non-uniformity [73]. For example, in the near-anode-
region, a total uncertainty of ~20% is estimated for the level
(*P°32) *[5/2]5 by considering 10% due to (d) and another
10% due to (¢) and (b). The uncertainty source (a) is not
important for this level, but it is much more significant e.g. for
the level (*P°, /2) 1 /2], leading to a total uncertainty
of ~50%.
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Table 8. Ratio between the measured and calculated densities of Xe(6p) and the total uncertainty.

Energy level

nExP /pMod (A pEXp /EXp 5 100%)

Configuration Term J NIST No Near-anode (—13 mm) Ionization (—8 mm)  Acceleration (—3 mm) Plume (600 mm)
5p°CP% ) 6p 7[5/2] 3 8 1.22 (20%) 1.09 (20%) 1.13 21%) 0.97 (15%)
Sp°CP% ) 6p %[5/2] 2 7 1.09 (14%) 1.17 (21%) 1.17 (26%) 1.37 (17%)
5P°CP% ) 6p %[3/2] 2 10 1.00 (16%) 1.02 (20%) 1.07 21%) 1.03 (15%)
5P°CP% ) 6p 7[3/2] 1 9 1.09 (12%) 1.27(11%) 1.11(11%) 0.71(10%)
5p°CP%0) 6p 2[1/2] 1 6 0.83 (21%) 0.83(21%) 0.90(23%) 1.33 (31%)
5P°CP% ) 6p 7[1/2] 0 13 0.70 (43%) 0.83 (12%) 0.56 (12%) 1.12 (12%)
5P°CP° ) 6p 7[3/2] 2 34 0.54 (16%) 0.62 (11%) 0.91 (14%) 1.26 (10%)
5p°CP° ) 6p 2[3/2] 1 24 0.61 (20%) 0.81 (12%) 0.87 (30%) 0.79 (18%)
SP°CP° ) 6p [1/2] 1 36 0.56 (20%) 0.66 (14%) 0.70 (42%) 0.73 (15%)
SP°CP° ) 6p *[1/21 0 38 0.39 (50%) 0.64 (12%) 1.08 (18%) 1.30 (10%)

Table 9. Ratio between the measured and calculated densities of Xe™(6p) and the total uncertainty.

Energy level

nEXP /pMod (ApEXp /EXp 5 100%)

Configuration Term J NIST No Near-anode (—13 mm) Ionization (—8 mm) Acceleration (—3 mm) Plume (600 mm)
5p*(P,)6p B 72 31 1.76 (30%) 1.54 (15%) 1.40 (18%) 2.51 (22%)
5p*(P,)6p B3P 52 29 1.14 (16%) 0.85 (11%) 0.70 (11%) 1.05 (10%)
5p*CPy6p I 52 26 1.24 20%) 1.24 (11%) 0.82 (12%) 1.40 (12%)
5p*(P,)6p 21° 32 25 0.47 (79%) 0.59 (22%) 0.49 (20%) 0.80 (11%)
5p*CPy)6p 110 3/2 35 — 1.11 (24%) 1.46 (27%) 0.57 (20%)
5p*CPy6p I 12 30 — 0.64 (38%) 0.61 (58%) 0.71 (42%)
5p*CP6p 21° 5/2 41 — 1.79 (48%) 1.16 (57%) 2.46 (47%)
5p*(P))6p 21° 3/2 42 — 0.97 (32%) 1.13 (26%) 0.98 (32%)
5p*CP))6p I 3/2 44 — 0.86 (69%) 0.98 (42%) 1.21 47%)
5p*CP6p 11° 1/2 46 — 1.22 (61%) 0.66 (63%) 0.63 (50%)
5p*CPy6p 01 1/2 39 — 0.75 (29%) 0.80 (30%) 0.93 (35%)
5p*CPo)6p 11 3/2 40 — 1.14 (57%) 1.45 (46%) 1.95 (16%)
5p*(3Po)6p e 12 37 — 0.63 (58%) 0.87 (55%) 0.56 (30%)
5p*('Dy)6p 231 7/2 52 — 3.73 (54%) 3.03 (62%) 1.42 (36%)
5p*('Dy)6p B3I 52 49 — 2.56 (43%) 2.18 (33%) 2.03 (38%)
5p*('Dy)6p 21° 5/2 54 — 1.74 (54%) 1.14 (57%) 1.48 (60%)
5p*('Dy)6p 21° 3)2 53 — 2.13 (35%) 1.17 (29%) 2.45 (26%)
5p*('D,)6p I11° 32 51 — 1.01 (59%) 1.39 (66%) 0.80 (55%)
5p*('Dy)6p e 12 56 — 2.58 (58%) 4.64 (57%) 1.86 (67%)

Note that, the uncertainties in the Einstein coefficients
can be estimated by comparing the calculated and measured
data (for example, see [26]); one can also examine the total
uncertainty in the emission line-ratios due to the sources (b),
(c), and (d) by comparing the measured branching ratios with
those calculated from our CR model (see data in figure 2).

4.2. Kinetics of the 6p levels

Figures 8-11 show the dominant kinetic processes of four
selected 6p levels in the CR model. The straight solid lines are
for the electron-impact processes, the inflexion solid lines for
the radiation processes, and the dashed lines for some other
special processes. The number on each line is the percentage
contribution of this process to production or loss, that is, the
total production and loss rates are normalized to 100 here.

12

The discharge condition of the near-anode-region is
similar to some inductive plasmas at low pressures, for which
the CR model of Xe(6p) has been studied [62, 63]. Thus it is
understandable that the self-absorption process by atomic
metastable level plays an important role in figure 8(a). The
main difference between the kinetics of atomic (*P°; /2)
2[5/2]3 and (2P°3/2) &b /2]o levels lies in the production
channels. Level (*P° /2) ?[5/2]3 is mainly produced by
electron-impact excitation out of Xe(6s); contributions of the
excitation from the ground state Xe(gs) and the decay from
the high-lying levels Xe(h/) are comparable (here Xe(hl)
includes the 7s, 7p, and 6d levels). However, Level (2P°3 /2)
1 /2]o is mainly produced by ground-state excitation, while
the other processes are much weaker. Similar kinetic beha-
viors are also found in Ar and Kr discharges, which are well
understood from studying CR models in the past [62, 63].
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Figure 8. Diagram of kinetic processes of two Xe(6p) levels (figures (a) and (b)) and two Xe™(6p) levels (figures (c) and (d)) in the near-
anode-region (—13 mm). The straight solid line, inflexion solid line, and dashed line denote the electron-impact, radiation, and other
processes. The number on the line is the percentage contribution of the process to production or depopulation.
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Figure 9. Diagram of kinetic processes of four 6p levels in the ionization region (—8 mm).

Unlike the atomic levels, the kinetics of the excited rare- main difference in the kinetics of these levels is the produc-
gas ions in non-equilibrium plasmas has not been studied in  tion mechanism. In figure 9 the contribution of self-absorp-
detail yet. For the first step, we investigate two typical levels tion becomes lower; this kind of variation in escape factor is
CP,) ’[21°% 2 and ('Dy) 2[31°% 2 of Xe"(6p). In figure 8 the valuable for OES diagnostics of neutral species [88, 89].

13



Plasma Sources Sci. Technol. 28 (2019) 105005 X-M Zhu et al

n — collision +
(a) Xe i M Xe(hl) il Xe i i Xe(hl) (b)
6.0 14 l.‘Jf 0.65/ 52 b 1.9/‘
—13 0.19—] —02 0.25-»]
Xe(gs) 5| Xe(6p) Xe(gs) o] Xe(6p)
S‘C’lf"ab-*'f)"}—””ﬂ”’12,49 69 33 0.6 (.45 0.87 4.4
Z g BE2 Ty Ny / / 88 1.9 % e
Xe(6s) <J I— Xe(5d) Xe(6s) <J L Xe(5d)
" — collision +
(C) Xe(gs) Xe? radiation Xe(gs) Xe’ (d)
. \ / S N
ion-impact \0.3\4] 0.9 ion-impact 0.5 49 0.7

Xe'(gs)

—7.9 ).07—] N —38. 0.3—]
Xe(6p) Xe'(gs) @ Xe(6p)
II” L 77 23 3'0\6i7 /5'7 26 73 6’"\
/ i) -
Xe'(6s) <J |—> Xe'(5d) Xe'(6s) <J L» Xe'(5d)

Figure 10. Diagram of kinetic processes of four 6p levels in the acceleration region (—3 mm).
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Figure 11. Diagram of kinetic processes of four 6p levels in the plume region (600 mm).
In figure 10, the electron-impact ionization-excitation this kind of processes among the different regions. In the

process from Xe(gs) is important for the production of plume region (figure 11), the ionization-excitation process is
Xe(6p) levels. The self-absorption becomes weaker, while less important, owing to a relatively low electron temperature,
the contribution of electron-impact ionization processes is but its contribution is still higher than those in the near-anode-
around 5% for the 6p levels, which is the maximum value for and ionization-region with Bugrova EEDF because of the
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Table 10. Ratios of production rates of Xe(6p) from three groups of processes: (a) ground-state excitation by electrons and radiative decay
from high-lying levels, (b) excitation or de-excitation by electrons from metastable or excited levels, and (c) self-absorption. The ratio of (c)

is omitted when very small.

Energy level

Group (a): Group (b): Group (c)

Configuration Term J NIST No Near-anode (—13 mm) Ionization (—8 mm)  Acceleration (—3 mm) Plume (600 mm)
5p°CP% ) 6p 7[5/21 3 8 34: 37: 29 31: 49: 20 30: 57: 13 37: 59
5p°CP%0) 6p 2[5/2]1 2 7 77: 21: 2 73: 26: 1 70: 28: 1 66: 27
5P°CP% ) 6p %[3/2] 2 10 53: 36: 11 48: 45: 7 45: 51: 4 48: 48
5p°CP%0) 6p 7[3/2] 1 9 88: 12 84: 16 79: 20 73: 17
5p°CP%0) 6p  7[1/2] 1 6 50: 39: 11 46: 47: 7 42:53: 4 44: 52
5P°CP% ) 6p 7[1/2] 0 13 98: 2 99: 1 98: 2 96: 2
5P°CP° ) 6p 7[3/2] 2 34 75: 25 71: 29 60: 40 68: 30
5p°CP° ) 6p 2[3/2] 1 24 75: 25 68: 32 54: 45 64: 32
SP°CP ) 6p (1721 1 36 78: 22 72: 28 64: 36 68: 29
5P°CP° ) 6p 7[1/2] 0 38 29: 71 24: 76 17: 83 23: 77

Table 11. Ratios of production rates of Xe™(6p) from three groups of processes: (a) electron excitation from two ionic ground states (5s°5p°
states with J/ = 3/2 and 1/2) and radiative decay from higher levels, (b) electron-impact excitation or de-excitation from metastable and
excited levels, and (c) electron-impact ionization-excitation. The ratio of (c) is omitted when small.

Energy level

Group (a): Group (b): Group (c)

Configuration Term J NIST No Near-anode (—13 mm) Ionization (—8 mm)  Acceleration (—3 mm) Plume (600 mm)
5p*CPy6p B31° 7/2 31 92: 8 91:7: 2 74: 8: 17 85:9: 3
5p*CPy)6p B 52 29 89: 11 80: 15: 5 37: 23: 40 71: 14: 13
5p*CPy)6p I 52 26 39: 61 31: 64: 5 15: 44: 41 32:57: 8
5p*CP,)6p 21° 3/2 25 53: 47 42:51: 7 20: 34: 46 42: 44: 11
5p*CPy)6p 110 3/2 35 87: 13 83: 15: 2 57:21: 22 76: 15: 6
5p*CPy)6p I 12 30 36: 64 30: 66: 4 14: 49: 37 28: 58: 13
5p*CP)6p 21° 5/2 41 84: 16 73:24: 3 20: 32: 47 60: 21: 12
5p*CP6p 1 32 42 88: 12 84:15: 1 42: 24: 34 72: 17: 7
5p*CP))6p I 3/2 44 91: 9 85: 13: 2 33:23: 44 70: 14: 10
5p*CP)6p 11° 1/2 46 97: 3 95:3:2 36: 4: 60 75: 4: 14
5p*CP6p 01° 12 39 92: 8 85: 14: 1 35: 26: 39 69: 12: 16
5p*CPo)6p e 32 40 88: 12 82: 17: 1 34: 26: 40 66: 16: 15
5p*CPo)6p I11° 1/2 37 96: 4 94: 5: 1 54: 10: 36 82: 6: 10
5p*('Dy)6p B3P 72 52 77: 23 73: 27 40: 37: 23 67:29: 4
5p*('Dy)6p 31 52 49 91: 9 90: 10 39: 12: 49 72: 11: 11
5p*('Dy)6p 21° 5/2 54 88: 12 85: 15 25: 15: 60 60: 13: 24
5p*('Dy)6p 1 32 53 90: 10 88: 12 26: 8: 66 54: 10: 32
5p*('Dy)6p e 3/2 51 94: 6 93: 7 75: 11: 14 88:9: 3
5p*('Dy)6p I11° 1/2 56 78: 22 77: 23 48: 20: 32 67: 21: 11

high-energy tail of Maxwellian form. In addition, the ion-
impact excitation plays a role for production of 6p levels here,
with a typical contribution ~5%.

To summarize the kinetic processes in the above figures,
it is found that the radiation decay is always the dominant
depopulation mechanism for the 6p levels. The other pro-
cesses e.g. the electron-impact ionization, excitation, and de-
excitation contribute altogether at most ~10% for the loss of
Xe(6p) levels when both the electron temperature and density
are high (figure 10). But even under such a condition, the
contribution of radiation is still ~99% for the depopulation of
Xet(6p), owing to the much higher radiation decay fre-
quencies of Xe™(6p) than those of Xe(6p). The self-absorp-
tion process by metastable atoms is strong in the near-anode-
region, weak in the acceleration-region, and negligible in the
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plume-region, which shows a sensitive dependence on the
atomic density. Absorption by the ionic metastable levels,
however, is not observed in the current experiment.

In view of the optical line-ratio method, we collect the
ratios of production rates of different processes in table 10.
For the atomic 6p levels, the production processes are divided
into three groups: (a) the ground-state excitation by electrons
and radiative decay from the high-lying levels, (b) the elec-
tron-impact excitation or de-excitation from the metastable
and excited levels, and (c) the self-absorption. Generally
speaking, the processes in group (a) are sensitive to the
density of high-energy electrons, group (b) is sensitive to low-
energy electrons, and group (c) is sensitive to the metastable
density. For the ionic 6p levels, a similar table 11 is
given. Here group (c) is replaced by the electron-impact
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Figure 12. Calculated densities of 6s, 6p, and 5d levels with different cores in two Hall thrusters (—13, —8, and —3 mm of HET-P70 and

600 mm of HET-P140).

ionization-excitation process that depends on the very high
energy tail of EEDF. Tables 10 and 11 are useful when one
studies how to select emission lines for diagnostic purpose.
As for the percentage contribution of ion-impact excitations,
it can be directly obtained by subtracting the numbers of
groups (a)—(c) in these tables from 100.

4.3. Densities of 6s and 5d levels

Although a comprehensive experimental study of the 6s and
5d density distributions cannot be performed here, the mod-
elling results are still valuable for understanding some char-
acteristics. Figure 12 shows the density variation of several
groups of excited species with different cores at four positions
of Hall thrusters. Firstly, we find that the peak density of the
two groups of Xe(6s) occurs in the near-anode-region, which
is reasonable considering the relatively high density of Xe
atoms here. For the group Xe(5d ’p, /2) the density profile is
relatively flat in the discharge channel and for the other
groups the peak density is in the acceleration region where the
electron temperature is high. Secondly, we find the density of
Xe(5d) group can be higher than that of Xe(6p) group with
the same core, being opposite to their energy order. The group
densities of Xe"(6s) and Xe " (5d) with °P and 'D cores are
much higher than that of Xe™(6p). From a detailed analysis,
we find there are four important metastable levels and eight
important quasi-metastable levels in total under the condition
of this work, including CP,) *[4lo/2, CPy) *[4l7/2, CP2)
*317/2, CP2) %2152, CP2) *1213/2, CP1) 2[3172, ('D2) *[4g 2,
and ('Dy) *[417> of Xe(5d) and (°P2) *[2l5/2, CP2) *[213)2,
CP)) (1132, and ('D2) *[2]s> of Xe " (65). Their densities are
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high in comparison with the other excited states of Xe™ and
play a dominant role in the production of Xe™(6p).

In general, one can find that the level densities depend on
the core of the levels in figure 12, which can be understood as
a significant evidence of j—j coupling.

5. Discussion and open questions

Two kinds of EEDFs are assumed in the present model,
Maxwellian and Bugrova distributions, as found outside and
inside of the discharge channel of Hall thrusters, respectively
[23, 68]. The Bugrova form is caused owing to the depletion
of high-energy tail of EEDF by the electron-wall interactions.
This effect is significant for the region near the anode, but
weak for the region near the channel exit. Actually, con-
cerning the electron kinetics in the magnetic field of Hall
thrusters, an anisotropic EEDF is more likely. The distribu-
tion of the electron velocity components parallel to the
magnetic lines of force may be significantly different from
that of the perpendicular component. This provides us an
opportunity of investigating Hall thrusters by plasma polar-
ization spectroscopy [90, 91], which is an attractive topic and
planned for a future work with new setup.

6. Conclusion
In the present work, we propose a CR model focusing on the

kinetics of 6s, 6p, and 5d excited levels of both the neutral Xe
atom and the Xe™ ion for studying EP devices. Experimental
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examination of the model is performed by using 1 and 5 kW
magnetic focusing Hall thrusters. The calculated and mea-
sured results are in general agreement, which demonstrates
that the fundamental data of cross sections and FEinstein
coefficients provided by a fully relativistic Dirac B-spline R-
matrix approach in our previous work are generally accurate.
Based on these results, further development of the CR model
and its possible application to the OES method are discussed
and will be studied in detail in the following paper of this
series of works.
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Appendix

A group of Excel documents is provided as supplemental
material. These files contain the electron-impact rate coeffi-
cients from the ground, metastable, and quasi-metastable
states and the Einstein coefficients. The data can be used to
build a CR model for EP devices. A full set of rate coefficient
data will also be given online through the LXCat program
(https:/ /nl.Ixcat.net/).
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