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Abstract
The ionization fraction is a key figure of merit for optimizing the performance of plasma device.
This work presents an optical emission spectroscopy (OES) method to determine the ionization
fraction in low-temperature xenon plasma. The emission line-ratio of xenon ionic and atomic
6p–6s transitions is used in this method. A comprehensive collisional-radiative model developed
in our previous work is employed to describe the relationship between the line-ratios and the
plasma parameters. It is found that some special line-ratios have a sensitive relationship to the
ionization fraction, e.g. the ratio of the 460.30 nm line and 828.01 nm lines. These line-ratios
are selected for the diagnostic method. The method is demonstrated in a magnetized discharge
chamber. The axially-resolved emission spectra of the ionization chamber are measured, and
from those the ionization fraction along the chamber axis is determined via the OES method.
The axially-resolved ionization fraction is found to be dependent on the magnetic field and
agrees well with those obtained from a Langmuir probe. In the experiment, the probe is
overheated under some conditions, possibly due to the bombardment by energetic particles. In
this case, no results can be obtained from the probe, while the OES method can still obtain
reasonable results. Combined with optical tomography and spectral imaging technology, the
OES method can also provide the spatial distribution of the ionization fraction, which is needed
for revealing the discharge mechanisms of plasma devices.

∗
Authors to whom any correspondence should be addressed.

1361-6595/23/095019+20$33.00 Printed in the UK 1 © 2023 IOP Publishing Ltd

https://doi.org/10.1088/1361-6595/acfb37
https://orcid.org/0000-0002-6501-0096
https://orcid.org/0000-0002-9226-8279
https://orcid.org/0009-0002-6007-8435
https://orcid.org/0000-0001-6215-5014
mailto:simon.ximing.zhu@outlook.com
mailto:arvin.yanfei.wang@outlook.com
mailto:ningzx@hit.edu.cn
mailto:klaus.bartschat@drake.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/acfb37&domain=pdf&date_stamp=2023-9-29


Plasma Sources Sci. Technol. 32 (2023) 095019 X-M Zhu et al

Keywords: optical emission spectroscopy, ionization fraction, line-ratio method,
magnetized discharge chamber, electric propulsion

(Some figures may appear in colour only in the online journal)

1. Introduction

Low-temperature plasma device is one of the key equipment in
functional material producing, material processing, and semi-
conductor manufacturing [1–8]. Plasma devices applying dif-
ferent types of discharge is developed for these scenarios,
e.g. inductively coupled plasma type [9, 10], electron cyclo-
tron resonance (ECR) type [11, 12], and magnetized DC type
[13, 14]. The ionization fraction (xe, defined as the ratio of ion
density nion to atom density natom with equation (1)) is a key
figure of merit for evaluating the performance of the plasma
devices and an important parameter for revealing the physics
behind the discharge phenomena [15–18]. In addition, the ion-
ization fraction can be used to evaluate the operating state of
plasma propulsion devices, which is important for some space
missions [19–22].

xe =
nion
natom

. (1)

In some kinds of plasmas, the ionization fraction is obtained
from the ion density measured by a Langmuir probe or through
a laser-based method [23, 24]. Numerical simulations are
also used to estimate the ionization fraction [25, 26]. As a
non-invasive method, optical emission spectroscopy (OES) is
widely applied in the diagnostics of the electron temperature
[27–30], the electron density [31, 32], and the gas temperature
[33, 34]. Combined with the spectral imaging method, OES
can obtain sub-millimeter-level spatially-resolved distribu-
tions of the above-mentioned plasma parameters [35, 36]. The
literature shows that the spectral lines of ionic and atomic
species have been observed simultaneously in argon, krypton,
xenon, and iodine plasmas [37–40], and the emission line-
ratios of the ionic and atomic species are related to the ioniz-
ation fraction [41, 42]. However, rarely are there quantitative
OESmethods reported for determining the ionization fraction,
mainly due to the absence of reliable collisional-radiative (CR)
models (CRMs) for the ionic species.

In our previous works, the cross-section data is obtained
employing a fully-relativistic Dirac B-spline R-matrix (BSR)
method for electron-impact excitation of xenon ions [43]. A
comprehensive CRM is developed based on the BSR cross
sections concerning both atomic and ionic excited species of
xenon plasma [44]. Recently, similar model is developed based
on these two works that concerning the kinetic mechanisms
of atomic and ionic levels, and are examined with different
plasmas [45]. But so far, no quantitative diagnostic method
has been proposed to determine ionization fraction.

This work develops a quantitative line-ratio method for
determining ionization fraction by analyzing the kinetic mech-
anism of the ionic and atomic 6p species based on the compre-
hensive CRM developed in [44]. We demonstrate this method

with a magnetized discharge chamber. Axially-resolved emis-
sion spectra are measured in the cylindrical chamber, from
which the ionization fraction is obtained using the OES
method. The result is compared with that obtained by a
Langmuir probe. The applicable scenario of this method is
analyzed. Furthermore, a simplified formula is presented,
which enables investigators to quickly obtain an estimate of
the ionization fraction. In particular, we discuss the common
characteristics of the emission line-ratios that have sensit-
ive relationships to the ionization fraction by analyzing the
quantum numbers of the energy levels. The possibility of
extending this ‘ionic-atomic line-ratio’ method to other plas-
mas, e.g. argon, krypton, and iodine plasmas, is also discussed
from the perspective of atomic physics.

This paper is organized as follows. Section 2 describes the
OESmethod, including a brief retrospect of the CRM, a kinetic
analysis of the ionic and atomic excited species, and a detailed
description of selecting specific line-ratios to determine the
ionization fraction. Section 3 introduces the experiment. Here
the structure of the discharge chamber and the experimental
setup are presented. Section 4 presents the results and discus-
sions of the present work. The OES method is examined by
comparing the results with that of a Langmuir probe. The rela-
tionship between the ionization fraction and the magnetic field
is investigated. This section also includes a simplified scheme,
which enables a fast estimate of the ionization fraction in par-
ticular devices. Finally, our conclusions are summarized in
section 5.

2. Method

This section describes the method for determining the ion-
ization fraction by using the 6p–6s spectral lines of Xe+

and neutral xenon. Section 2.1 gives a brief retrospect of
the comprehensive xenon CRM developed earlier [43, 44].
In section 2.2, we investigate the contributions from differ-
ent processes in populating and de-populating the atomic and
ionic excited states. Section 2.3 analyzes the characteristics
of the line-ratios from different excited levels and presents
the scheme for determining the ionization fraction using these
line-ratios.

2.1. CRM

CRMs for xenon plasmas have been developed and used in dia-
gnostics for many years [27, 28, 45, 46]. However, due to lim-
itations in fundamental cross-section data, these CRMs focus
on the atomic species; the ionic species were not studied in
detail. In our previous works, a fully relativistic Dirac BSR
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Table 1. Atomic 6p levels studied in the present Xe CRM. ‘E’ refers to the level energy relative to the ground state while ‘λ’ is the vacuum
wavelength of the relatively strong emission lines of these levels observed in the experiment.

No. Configuration Term J E (eV) λ (nm)

Xe-I-1 5p5(2Po
3/2) 6p 2[5/2] 3 9.721 881.9

Xe-I-2 5p5(2Po
3/2) 6p 2[5/2] 2 9.686 904.6, 992.3

Xe-I-3 5p5(2Po
3/2) 6p 2[3/2] 2 9.821 823.2, 895.2

Xe-I-4 5p5(2Po
3/2) 6p 2[3/2] 1 9.580 980.0

Xe-I-5 5p5(2Po
3/2) 6p 2[1/2] 1 9.789 840.9, 916.3

Xe-I-6 5p5(2Po
3/2) 6p 2[1/2] 0 9.933 828.0

Xe-I-7 5p5(2Po
1/2) 6p 2[3/2] 2 11.055 834.7

Xe-I-8 5p5(2Po
1/2) 6p 2[3/2] 1 10.958 820.6, 893.1

Xe-I-9 5p5(2Po
1/2) 6p 2[1/2] 1 11.069 764.2, 826.7

Xe-I-10 5p5(2Po
1/2) 6p 2[1/2] 0 11.141 788.7

method [43, 44] was applied to calculate the cross-section data
for electron collisions with the Xe+ ion [43].

A comprehensive CRM concerning the kinetics of both
Xe and Xe+ was developed based on these data [44] and
examined experimentally [44, 47]. The model mainly con-
siders the kinetics of the 5p56s, 5p56p, and 5p55d energy levels
of xenon atoms and the 5p46s, 5p46p, and 5p45d energy levels
of xenon ions. Some of the atomic 5p57s, 5p57p, and 5p56d
levels are also included in the CRM. The two ionic 5s25p5

levels with J = 3/2 and 1/2 are considered as separate levels
(bound energy of which are Eb = 0 eV and 1.306 eV, respect-
ively). And the ionic level with configuration of 5s5p6 is also
included. All the energy levels included in the CRM are listed
in the appendix. Tables 1 and 2 list the atomic and ionic 6p
levels of the CRM and the strong emission lines emitted by
these 6p levels.

Both electron-induced and ion-induced excitation and ion-
ization processes are considered for these energy levels, along
with radiation, radiation-trapping, and transport-induced
quenching. Considering the processes above, the rate balance
equation for excited level i is written as:∑

j ̸=i

Rcol
j→i+

∑
j>i

Rrad
j→i+

∑
j<i

Rabs
j→i =

∑
j ̸=i

Rcol
i→j+

∑
j<i

Rrad
i→j

+
∑
j>i

Rabs
i→j+Rtrans

i . (2)

Here R is the reaction rate, the subscript ‘j’ indicates an
energy level different from level i; ‘j > i’ means that the
energy of level j is higher than level i. ‘col’, ‘rad’, ‘abs’, and
‘trans’ refer to collision, radiation, absorption, and transport
processes, respectively. Rcol can be calculated from the cross
section, the electron energy distribution function, the electron
temperature, and the particle density; Rrad can be calculated
from the Einstein coefficient; the reaction rate of radiation-
trapping Rabs is calculated using an escape factor which con-
siders the hyperfine line splitting induced by isotope effect,
which is detailed in [48].

The transport process can play an important role for the
kinetics of some long-lived particles, e.g. the atomic and
ionic metastable particles. A bipolar diffusion model under

magnetization [49, 50] is used to calculate the rate of transport-
induced quenching Rtrans for ionic states. For atomic states,
Rtrans is calculated from the radius of the discharge chamber.
By solving the rate balance equation (2), the density of the
atomic and ionic excited species, the emission line intens-
ities, and the contributions from different kinetic processes
can be obtained. This information is used in the subsequent
investigation.

2.2. Kinetic mechanism of 6p levels

In this section, the comprehensive CRM is used to analyze the
kinetic mechanism of ionic and atomic 6p excited states. The
percentage contribution of each process is used to evaluate the
importance of the process in populating and de-populating the
excited states. For process k, its percentage contribution ξk is
written as:

ξ k =
Rk∑
x
Rx

× 100. (3)

Here Rk is the rate of process k, which is calculated from
the comprehensive CRM.

According to the comprehensive CRM, spontaneous radi-
ation dominates the depopulation of both the atomic and ionic
6p states, while electron collision processes dominate the pop-
ulation of these states in the pressure range of 10−3–100 Pa
and the electron density range 109–1012 cm−3. Note that the
threshold energies of the various electron collision processes
are different. Thus, the electron-impact processes are fur-
ther grouped accordingly into: (i) electron-induced excitation
from the ground-state (equations (4) and (5) below, Ea ∼ 9–
14 eV), with the sum of the percentage contributions from this
group denoted by ξgs; (ii) electron-induced transitions between
excited states (equations (6) and (7) below, Ea < 8 eV), with
the sum of the percentage contribution from this group being
ξms; (iii) electron-induced ionization–excitation from the atom
(equation (8), Ea > 20 eV), with the sum of the percentage
contribution ξi-e. We write these processes as:

e+Xe→ e+Xe∗; (4)
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Table 2. Ionic 6p levels in the CRM and their relatively strong emission lines. E is the energy relative to the ionic ground state; all lines
from the Xe-II-20 and Xe-II-21 levels are too weak to be observed.

No Configuration Term J E (eV) λ (nm)

Xe-II-1 5p4(3P2)6p 2[3]o 7/2 14.098 484.4, 699.1
Xe-II-2 5p4(3P2)6p 2[3]o 5/2 14.074 541.9, 553.1, 572.0
Xe-II-3 5p4(3P2)6p 2[2]o 5/2 13.881 529.2, 605.1
Xe-II-4 5p4(3P2)6p 2[2]o 3/2 13.860 533.9, 597.7, 609.8
Xe-II-5 5p4(3P2)6p 2[1]o 3/2 14.479 460.3, 714.9
Xe-II-6 5p4(3P2)6p 2[1]o 1/2 14.094 537.2, 566.8

Xe-II-7 5p4(3P1)6p 2[2]o 5/2 15.264 492.1, 680.6
Xe-II-8 5p4(3P1)6p 2[2]o 3/2 15.282 526.0, 577.6
Xe-II-9 5p4(3P1)6p 2[1]o 3/2 15.410 575.1
Xe-II-10 5p4(3P1)6p 2[1]o 1/2 15.445 754.8
Xe-II-11 5p4(3P1)6p 2[0]o 1/2 15.024 543.9

Xe-II-12 5p4(3P0)6p 2[1]o 3/2 15.080 488.4
Xe-II-13 5p4(3P0)6p 2[1]o 1/2 14.930 519.1

Xe-II-14 5p4(1D2)6p 2[3]o 7/2 16.126 487.7, 575.9, 659.5
Xe-II-15 5p4(1D2)6p 2[3]o 5/2 15.978 627.1, 716.5
Xe-II-16 5p4(1D2)6p 2[2]o 5/2 16.392 572.7
Xe-II-17 5p4(1D2)6p 2[2]o 3/2 16.356 526.2
Xe-II-18 5p4(1D2)6p 2[1]o 3/2 16.077 497.3, 597.1
Xe-II-19 5p4(1D2)6p 2[1]o 1/2 16.458 504.5

Xe-II-20 5p4(1S0)6p 2[1]o 3/2 18.497
Xe-II-21 5p4(1S0)6p 2[1]o 1/2 18.378

e+Xe+ → e+Xe+∗; (5)

e+Xe∗ → e+Xe∗∗; (6)

e+Xe+∗ → e+Xe+∗∗; (7)

e+Xe→ e+Xe+∗. (8)

Here e denotes the electron, Xe is the neutral xenon atom
in ground state, Xe

∗
is the atom in an excited state, Xe

∗∗

is the atom in a higher excited state; Xe+ is the xenon ion
in its ground state, Xe+

∗
is the xenon ion in excited state,

and Xe+
∗∗

is the xenon ion in a higher excited state. In
this work, the characteristics of the excited states are ana-
lyzed according to the percentage contribution of these three
groups of processes (i.e. ξgs, ξms, and ξi-e). The line-ratios
are selected for the diagnostics based on these parameters.
In the following part of this section, the kinetic character-
istics of several representative excited states are analyzed.
The selection of line-ratios will be described in detail in
section 2.3.

Figure 1 displays the variation of the percentage contribu-
tions with the ionization fraction and the electron temperat-
ure for three typical atomic excited states (Xe-I-3, Xe-I-6, and
Xe-I-7 of table 1). It is seen that for the energy level Xe-I-

3, when the electron temperature and the ionization fraction
are both low (Te < 4 eV, xe < 1%), ground-state excitation
is significant in the population of this level, while increasing
the electron temperature and the ionization fraction can both
enhance the significance of the transitions between excited
states. Panels (b) and (e) show that ground-state excitation
always dominate the population of energy level Xe-I-6 in the
parameter range investigated in the present work. Finally, pan-
els (c) and (f) show that the dominant process of populating
Xe-I-7 depends on the ionization fraction. When this frac-
tion is smaller than 0.5%, ground-state excitation dominates
the population. Contribution of this process decrease as xe
increases, and transitions between excited levels become the
dominant process.

Figure 2 displays the variation of the percentage contribu-
tion with the ionization fraction and the electron temperature
for three typical ionic excited levels (Xe-II-1, Xe-II-3, and Xe-
II-5 of table 2). From panels (a), (d), and (g), it can be seen that
both ground-state excitation and transitions between excited
levels are important for the population of Xe-II-1 for most
conditions (xe > 1.4% or Te < 6 eV); ionization–excitation
becomes important in the upper left corner of the parameter
space (Te > 6 eV, xe < 1.4%).

Panels (b), (e), and (h) show that ionization–excitation is
more important for the Xe-II-3 level than for Xe-II-1. This
process contributes more than 70% in the triangle area at the
upper left side of the parameter space (where Te is high and
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Figure 1. Percentage contributions from various production processes for selected xenon atomic levels. The values of the percentage
contribution are shown as pseudo-colors. All the panels share the same colormap. Panels (a), (b), and (c) show the percentage contribution
of the electron-induced ground state excitation (ξgs) for these levels, while panels (d), (e), and (f) present the percentage contribution of
electron-induced transitions between excited states (ξms). ξi-e is not shown in this figure because ξi-e should always be zero for the atomic
levels.

xe is low). This area is much larger than that of level Xe-
II-1. In the remaining parameter space, ground-state excita-
tion and transitions between excited levels contribute nearly
equally. Panels (c), (f), and (i) show that the production of Xe-
II-5 is dominated by ground-state excitation, while ionization–
excitation barely contributes in the parameter range investig-
ated in the present work. Transitions between excited level
contribute less than 30% in most areas. ξms increases as Te

decreases and xe increases. The maximum value of ξms is
∼28% at Te = 2 eV, xe = 3.8%.

Above the dominant processes involving all 6p levels
of the xenon atom and ion were analyzed. From those we
can deduce the characteristics of the spectral lines emit-
ted by these levels. Based on this information, section 2.3
will introduce the principle of selecting line-ratios and
present the diagnostic method for determining ionization
fraction.

2.3. Diagnostic method

According to the analysis presented in section 2.2, the spon-
taneous radiation dominates the de-population process of the
ionic and atomic 6p levels in the parameter range investigated
in the present work. The rate balance equation of the levels
dominated by ground-state excitation can be approximately
written as:

nj ·
∑
i

Aj→i =
ne · ngs ·Qgs→j

ξ gs
i

. (9)

Here nj is the density of level j, Aj→i is the Einstein coef-
ficient of transition j → i. ngs is the ground-state density in
either the ionic or neutral species. Qgs→j is the rate coeffi-
cient for the excitation process of level j from the ground state.
ξi

gs is the percentage contributions of ground-state excitation

5
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Figure 2. Percentage contributions from various production processes for selected xenon ionic levels. Panels (a), (b), and (c) show the
percentage contribution from the ground-state excitation (ξgs); panels (d), (e), and (f) exhibit the percentage contribution of the transitions
between excited states (ξms); and panels (g), (h), and (i) show the percentage contribution of the electron-induced ionization–excitation
process.

on level i. The spontaneous emission intensity Ij→i can be
written as:

I(λj→i) = nj ·Aj→i =
ne · ngs ·Qgs→j · Bj→i

ξ gs
i

. (10)

Here λj→i is the wavelength of the transition j → i, and
Bj→i is the branching ratio including the influence of self-
absorption. Thus, for the ionic line λ1 and the atomic line λ2

that are both dominated by process (i), the line-ratio R12 can
be written as:

6
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R12 =
I(λ1)

I(λ2)
=

nion ·Q1 · B1

natom ·Q2 · B2
= xe ·C · Q1

Q2
· ξ

gs
2

ξ gs
1

. (11)

Here the constant C is the ratio of the branching ratios,
which can be calculated from the Einstein coefficients; nion
and natom are the ionic and atomic densities. While, strictly
speaking, ngs in equations (9) and (10) are the atomic and
ionic ground-state densities, considering that the density of the
excited species is several orders of magnitude smaller than the
ground-state density of the discharge device used in this work,
we have ngs ∼ natom for the atom and ngs ∼ nion for the ion in
equation (11).

It can be seen from the above description that equation (9)
depends on the percentage contribution of ground-state excita-
tion. We define a governing degree χ to evaluate the influence
of ground-state excitation on the line-ratios as follows:

2/χ = 1/ξ gs
1 + 1/ξ gs

2 . (12)

Here ξ1
gs and ξ2

gs are the percentage contributions of
ground-state excitation on the numerator and the denomin-
ator of the line-ratio. The governing degree is defined as the
harmonic mean rather than arithmetic or geometric means to
reflect the influence of extremely small values better. When
χ is 100%, the line-ratio is completely determined by ground-
state excitation. Thus, one should choose line-ratios with the χ
value as large as possible to reduce the uncertainty in the res-
ults. The governing degrees of line-ratios consisting of atomic
and ionic 6p lines are calculated based on the CRM, and the
results are presented in section 4.1.

Taking the rate coefficients in the Arrhenius form of
equation (13), the ratio of the rate coefficients in equation (11)
is a function of electron temperature and can be written as in
equation (14) below:

Q= Qc · exp
(
−Ea

Te

)
, (13)

Q1

Q2
=
Qc1

Qc2
· exp

(
Ea2 −Ea1

Te

)
. (14)

Here Qc is the rate constant and Ea is the activation energy,
which both are determined by the feature of the energy level.
The difference in the activation energy ∆Ea = Ea1 − Ea2

reflects the extent to which the line-ratio is affected by the elec-
tron temperature. In order to reduce the influence of possible
uncertainties in the electron temperature on the diagnostic res-
ult for the ionization fraction, one should choose line-ratios
with a ∆Ea value as small as possible.

From equations (11) and (14), it follows that the line-ratio
of the ionic and atomic energy levels that are dominated by
ground-state excitation is approximately a function of the ion-
ization fraction and the electron temperature. Considering that
the threshold energies for ‘ground-state excitation’, ‘transition
between excited levels’, and ‘ionization-excitation’ are quite

different, the line-ratios from energy levels that are domin-
ated by different processes are sensitive to the electron tem-
perature. Actually, the OESmethod based on this ideology has
been developed andwidely used to determine the electron tem-
perature in the study of xenon plasmas [27–29]. By using the
two types of line-ratios above, the ionization fraction can be
determined.

3. Experiment

3.1. Measurement of plasma emission spectra

This section introduces the discharge chamber and the exper-
imental setup. A magnetized DC discharge chamber is
employed in this work. The chamber has two layouts: a
cusped-field layout shown in figure 3(a) and an axial-field lay-
out exhibited in figure 3(b).

The cusped-field layout consists of a hollow cathode, three
ring magnets, a cylindrical anode, and a quartz bucket. The
ring magnets are installed with the same poles opposite to each
other, thereby forming a cusped magnetic field configuration
in the discharge chamber. Figure 3(a) also shows the mag-
netic lines of the cusped field, as calculated by an axisymmet-
ric finite-element magnetic model simulation [51]. The cyl-
indrical anode has a diameter of 90 mm and a length of 86mm.
An 8 mm wide window is designed along the direction par-
allel to the axis on the anode for spectral measurements. The
quartz bucket is installed outside the cylindrical anode to avoid
gas leakage from the window. Figure 3(b) shows the structure
of the axial-field discharge chamber. Eight bar magnets are
installed along the direction parallel to the axis instead of ring
magnets, which generate an axial magnetic field as depicted in
the figure. All other settings are the same as in the cusped-field
layout.

The emission spectrum is measured using a Horiba FHR-
1000 spectrometer with a Synapse charged-coupled device
(CCD) detector. In the experiment, the slit of spectrometer is
set to 20 µm. The spectral resolution at 400–1000 nm is bet-
ter than 0.05 nm. The relative spectral response of the optical
systemwas calibrated with a tungsten halogen lamp before the
experiment. A ceramic optical probe (inner diameter∼ 2 mm,
length ∼ 8 cm) is mounted perpendicular to the axis of the
discharge chamber. A Langmuir probe is inserted in the dis-
charge chamber shown in figure 1 from the exit. Step motors
are used to drive the Langmuir probe and the optical probe to
move along the axial direction of the discharge chamber. In
the experiment, the measuring point at z = 35 mm is blocked
by a ring magnet. Thus, no spectrum is measured at this
point.

Figure 4 displays a typical emission spectrum measured in
the discharge chamber. Actually, some Xe-I (8d), Xe-I (6f ),
Xe-I (7p), and Xe-II (7s) lines are also observed in the spec-
trum, but only the dominant groups are indicated here. TheXe-
II (6p) lines are dominant in the visible range (450–700 nm),
while most of the Xe-I (6p) lines are in the range of 750–
950 nm.

7



Plasma Sources Sci. Technol. 32 (2023) 095019 X-M Zhu et al

Figure 3. Schematic diagram of (a) the cusped-field discharge chamber, (b) the axial-field discharge chamber, and (c) the experimental
setup.

3.2. Determination of ionization fraction using the Langmuir
probe

A Langmuir probe is employed to compare with the OES
method. This section presents the details of using the
Langmuir probe to determine the ionization fraction. The
Langmuir probe used in this work has a circular plane
electrode with a diameter of ∼0.3 mm. The current collected
by the probe in the electron retarding region can be written as:

J (Up) =
e · n0
4

·
√

2 · e
me

· S ·
ˆ ∞

Us−Up

√
Ee − (Us −Up)

· fEEDF (Ee) · dEe −Ji. (15)

Here J is the probe current, Up is the probe voltage, e rep-
resents the elementary charge, n0 denotes the plasma density,
me is the mass of electron, S is the electrode area of the probe,
Us is the space potential, Ee is the electron energy, Ji is the
ion current, and f EEDF is the electron energy distribution func-
tion. In this work, a two-parameter electron energy distribu-
tion function (EEDF) is utilized in the fitting procedure [52],
which is:

fx (Ee) = p1 · T−3/2
x ·

√
Ee · e−p2·(Ee/Tx)x , (16)

where,

p1 = x

(
2
3

)3/2

·
[
Γ
(

5
2x

)]3/2[
Γ
(

3
2x

)]5/2 , (17)

p2 =

(
2
3

)x

·

[
Γ
(

5
2x

)
Γ
(

3
2x

)]x. (18)

Here Γ is the Gamma function, Tx is an effective temper-
ature which has Tx = (2/3)Ēe, where Ēe is the average elec-
tron energy. AMaxwellian distribution corresponds to the case
of x = 1; while a Druyvesteyn distribution corresponds to
x= 2. The plasma density is determined by fitting the voltage–
current curve with equation (15) as done in [53] (shown in
figure 5).

On the other hand, a free molecular model is utilized to
obtain the spatially-resolved atom density in the discharge
chamber, which employs the angular coefficient method to
perform the calculation [54, 55]. The ionization fraction is then
determined from the probe measured plasma density and the
simulated atom density, and compared with the OES method
in section 4.2.

3.3. Investigation on spatial resolution of the optical probe

In section 3.1, an optical probe is utilized in the experi-
ment to measure the axially-resolved spectra of a magnetized
discharge chamber. In this section, we investigate the spa-
tial resolution of the optical probe. A Tungsten lamp (dia-
meter ∼ 5 mm) is utilized as dot source. It is mounted on a
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Figure 4. Typical emission spectrum in the discharge chamber. The upper and lower energy levels of the emission lines are indicated in the
strips at the top of the subfigures. The emission lines are grouped according to the configuration of the upper and lower levels. The short
vertical lines in the strips mark the emission lines belonging to the corresponding line group.

translation stage and can be moved perpendicular to the line-
of-sight of the optical probe. The optical probe is connected
to the spectrometer utilizing the same optical fiber used in
section 3.1. A diagram of the experiment setup is given in
figure 6(a). The experiment is conducted with different d (the
distance from the tungsten lamp to the optical probe).

The objective of this experiment is to measure the instru-
ment function P(z) of the optical probe by moving the dot

source in direction z perpendicular to the line of sight of
the optical probe. The emission intensity measured along z-
direction is Ep(z). The spatial distribution of the emission
intensity of the Tungsten lamp T is measured using a CMOS
camera. When the dot source locates at z = z0, we have:

Ep (z0) =
ˆ +∞

−∞
T(z− z0) ·P(z) · dz. (19)

9
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Figure 5. A typical fitting result of the electron retarding region of the voltage–current curve measured by the Langmuir probe.

Figure 6. (a) Diagram of the experiment for spatial resolution of the optical probe. (b) The instrument function of the optical probe
measured in this work. d is the distance between the tungsten lamp and the optical probe.

The instrument function P(z) can thus be obtained by
deconvolution of Ep and T (figure 6(b)). It shows that the
angular resolution of the optical probe is∼1◦, and the spatial-
resolution is better than 2 mm along the axis of the discharge
chamber.

In the measurement of the plasma spectrum, the composi-
tion of emission intensity along the line-of-sight direction is
a significant problem that restricts the spatial resolution of
plasma measurement. A variety of experimental techniques
and data analysis methods have been developed to achieve spa-
tial resolution in this direction [56, 57]. The optical probe used
in this work lacks spatial-resolution ability along the line-of-
sight direction. The intensity measured by this probe is the

integral value of the plasma emission in the visual cone of the
probe. However, it is found that the plasma near the axis is
far more ablaze than that near the cylindrical wall during the
experiment.

Figure 7(a) presents the normalized emission intensity of
the plasma along the radial direction of the discharge cham-
ber. The circle and the square with guided lines in figure 7(a)
denote the radial intensity distribution of the axial-field and
the cusp-field layouts. The emission intensity is extracted from
pictures taken along the axis of the discharge chamber. By
integrating the emission intensity along the radial direction,
we can analyze the contribution of a certain region to the total
integral intensity. Figure 7(b) presents the integrated intensity
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Figure 7. (a) Radial distribution of normalized emission intensity in the magnetized discharge chamber. (b) Variation of the line-integrated
intensity along the radius of the discharge chamber.

along the radial direction. The integrated intensity is calculated
using equation (20):

γ (r0) =

´ r0
0 T(r) · dr´ rd
0 T(r) · dr

. (20)

Here γ(r0) is the normalized integrated intensity at r = r0,
T(r) is the plasma emission intensity at radial position r, and
rd is the radius of the discharge chamber. Figure 7(b) shows
that for the cusp-field layout, about 80% of the total emission
intensity is emitted by the plasma in the area with r < 20 mm.
In comparison, over 75% of the total emission intensity is
emitted by the plasma in the area with r< 20mm for the axial-
field layout.

According to Langmuir probe measurements in similar
discharge chamber [58, 59], the electron density (ne), elec-
tron temperature (Te), and atom density (na) decrease along
the radial direction in this kind of discharge chambers.
Considering the line intensities utilized in this work are pos-
itively correlated with the ne, Te, and na (equation (10)), the
intensities should also decrease along the radial direction. This
means the emission lines utilized in this work have similar
intensity profiles as figure 7(a). Thus, the result from the OES
method can be regarded as the ionization fraction of the plasma
near the axis weighted by emission intensity, which is also one
of the important sources of difference in comparison with the
Langmuir probe.

4. Results

Using the OES method presented in section 2, the ionization
fraction along the axis of a magnetized discharge chamber
(described in section 3) is determined. Section 4.1 presents the
results for and a discussion regarding the selection of appro-
priate line-ratios. Section 4.2 compares the ionization fraction

from the OES method with that obtained from a Langmuir
probe. In section 4.3, the axial distributions of the ionization
fraction in different magnetic fields (a cusped-field layout and
an axial-field layout) are investigated. Section 4.4 analyzes
the relationship between the line-ratios and the ionization
fraction, from which a simplified scheme is obtained. This
simplified scheme enables a fast estimate of the ionization
fraction.

4.1. Selection of line-ratios

Table 3 gives the ∆Ea and governing degree χ of the line-
ratios made up from ionic and atomic 6p levels. The govern-
ing degree is an evaluation of the influence of ground-state
excitation on the line-ratio, which is defined in equation (12).
It indicates the error caused by the approximation intro-
duced in equation (9). The larger the value of χ, the smal-
ler the error introduced. ∆Ea implies the dependence of
the line-ratio on the electron temperature. According to
equation (13), the smaller the value of ∆Ea, the less the line-
ratio is influenced by the electron temperature. The govern-
ing degree presented in table 3 are given for Te = 8 eV
and xe = 2%.

We calculated the governing degree χ of the line-ratios
made up of all the 21 ionic 6p levels and the ten atomic 6p
levels in the ionization fraction range of xe ∼ 0.2%–3.8%,
i.e. the electron temperature range Te ∼ 2–14 eV. The line-
ratios with governing degree χ consistently better than 60%
are listed in the table. These line-ratios are all closely related
to the ionization fraction, and hence they can be used in
the diagnostics. However, considering the differences in the
signal-to-noise ratio of these emission lines, we choose the
line-ratios of 460.303 nm to 828.011 nm and 754.603 nm
to 828.011 nm for our diagnostics of the ionization fraction.
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Table 3. Governing degree χ and activation energy difference∆Ea of line-ratios made up from emission lines emitted by ionic and atomic
6p levels.

Ionic energy level Atomic energy level

χ ∆Ea (eV)Configuration Term J Configuration Term J

5p4(3P2)6p 2[1]o 3/2 5p5(2Po
3/2) 6p 2[1/2] 0 70 2.3

5p4(3P1)6p 2[1]o 3/2 5p5(2Po
3/2) 6p 2[1/2] 0 60 5.5

5p4(3P1)6p 2[1]o 1/2 5p5(2Po
3/2) 6p 2[1/2] 0 82 5.5

5p4(3P1)6p 2[0]o 1/2 5p5(2Po
3/2) 6p 2[1/2] 0 62 5.1

5p4(3P0)6p 2[1]o 1/2 5p5(2Po
3/2) 6p 2[1/2] 0 60 5.1

5p4(1D2)6p 2[3]o 5/2 5p5(2Po
3/2) 6p 2[1/2] 0 70 6

5p4(1D2)6p 2[2]o 5/2 5p5(2Po
3/2) 6p 2[1/2] 0 64 6.5

5p4(1D2)6p 2[1]o 3/2 5p5(2Po
3/2) 6p 2[1/2] 0 75 6.1

5p4(1D2)6p 2[1]o 1/2 5p5(2Po
3/2) 6p 2[1/2] 0 60 6.5

5p4(3P1)6p 2[1]o 1/2 5p5(2Po
1/2) 6p 2[1/2] 0 67 4.3

5p4(1D2)6p 2[1]o 3/2 5p5(2Po
1/2) 6p 2[1/2] 0 62 4.9

Figure 8. Ionization fraction obtained by the OES method and a Langmuir probe in the cusped-field discharge chamber. The gas flow rates
of the three working conditions are 3 SCCM. The discharge currents are 7 A, 5 A, and 3 A, respectively. The exit of the cathode locates at
z = 0 mm. The ionization fraction determined by the OES method is connected using a fitting line. Since the measured point at z ∼ 35 mm
is blocked by a ring magnet, there is no OES result at this position.

The scheme for determining the electron temperature is the
same as used in [29]. It was found that the ionic levels lis-
ted in table 3 all have total electronic angular momentum
of J = 3/2 or 1/2, while the atomic levels have J = 0,
i.e. these levels have the same total angular momentum as
the respective ionic and atomic ground states. We will discuss
this phenomenon from the perspective of atomic physics in
section 5.1.

4.2. Comparison between OES results and Langmuir probe
results

Figure 8 compares the ionization fraction measured by the
OESmethod with that of a Langmuir probe for three operating
conditions of cusped-field discharge chambers. As denoted in
figure 8, the discharge currents of the three operating condi-
tions are 7 A, 5 A, and 3 A, respectively; the gas flow rate of
these operating conditions is 3 SCCM. The ionization fraction

of 11 measured points along the axis of the discharge chamber
are compared. The error bars in figure 8 reflect the uncertainty
of the measurement.

Figure 8 shows that the ionization fraction increases as
the discharge current increases; the increasing ratio of the
ionization fraction is consistent with that of the discharge cur-
rent. Considering that the discharge current implies the total
amount of electrons/ions in the plasma and the neutral dens-
ity is determined by the gas flow rate, which is same for these
three conditions, this phenomenon is in accordance with the
physical expectation. It demonstrates that the ionization frac-
tions measured in the present experiment are reasonable from
another perspective.

Figure 9 compares the ionization fraction in three work-
ing conditions with the same discharge current of 7 A, while
the gas flow rates are 3 SCCM, 5 SCCM, and 8 SCCM,
respectively. The relationship between the ionization frac-
tion and the current-to-flow ratio is also approximately linear
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Figure 9. Ionization fraction obtained by the OES method and a Langmuir probe in the cusped-field discharge chamber. The discharge
currents of the three working conditions are 7 A. The gas flow rates are 3 SCCM, 5 SCCM, and 8 SCCM, respectively.

Figure 10. Magnetic flux and ionization fraction in the cusped-field and the axial-field discharge chambers. The discharge current is 3 A,
and the gas flow rate is 5 SCCM.

for these three conditions. The maximum ionization fractions
under these operating conditions are 2.5%, 1.5%, and 0.9%,
respectively.

Figures 8 and 9 show that the axial distribution of the
ionization fraction in the cusped-field discharge chamber is bi-
convex. The two peaks locate at z ∼ 14 mm and z ∼ 60 mm,
while the valley between the two peaks locates at z ∼ 40 mm
for all the operating conditions. These positions are consist-
ent with the two minimum points and the one maximum point
of the magnetic flux on the axis. This implies that the dis-
tribution of the ionization fraction depends on the topology
of the magnetic field in a cusped-field discharge chamber.

Further investigations regarding the relationship between the
ionization fraction and the magnetic field are carried out in
section 4.3.

The uncertainty of the OES results in figures 8 and 9 is eval-
uated by considering the following factors: (a) the uncertainty
in spectral measurement; (b) the uncertainty introduced by
the approximation of equation (9) due to contribution of pro-
cesses other than electron-induced excitation from the ground
state; (c) the residual error associated with multi-line-ratio fit-
ting. The uncertainty in spectral measurement can be determ-
ined from the noise-to-signal ratio of emission lines. The
experimental data show that noise affects the ionic lines more
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significantly. For instance, the ionic 460.30 nm line’s noise-to-
signal is ∼3%–10%, while the noise-to-signal ratio is ∼1%–
3% for the atomic 828.01 nm line. The uncertainty introduced
by equation (9) can be evaluated from the percentage contri-
bution of ground-state excitation ξgs. For the intensity ratio
of 460.03 nm to 828.01 nm line, ground-state contributions
are ξgs460 ∼ 80%–86% (uncertainty ∼6%), and ξgs828 ∼ 93%–
97% (uncertainty∼ 4%). Thus the combined uncertainty intro-
duced by this term is ∼7%. The uncertainty induced by the
residual error is ∼5%. The combined uncertainty of the OES
method is ∼13%.

The uncertainty of the Langmuir probe is evaluated
by considering: (a) the uncertainty from atom dens-
ity distribution (∼5%); (b) the uncertainty induced by
voltage–current curve measurement (∼10%); (c) the resid-
ual error associated with voltage–current curve fitting
(∼5%). The combined uncertainty of the Langmuir probe is
∼11%.

The EEDF in the discharge chamber of ion thrusters may
be non-Maxwellian [10, 60]. By fitting the voltage–current
curve measured by the Langmuir probe (figure 5), it is found
that the EEDF in the cusp-field discharge chamber indeed
deviates slightly from a Maxwellian distribution. The uncer-
tainty in the EEDF may also affect the diagnostic result. In
the present work, the line-ratios with small activation energy
difference ∆Ea are adopted to minimize the influence of the
EEDF. Considering that the dominant processes have different
threshold energies, the spectral lines emitted by these levels
can reflect the proportion of electrons with different energies.
It is indeed possible to evaluate the EEDF using the OES
method [61, 62].

4.3. Investigation on the relationship between ionization
fraction and magnetic field

Figure 10 shows the axial distribution of the ionization fraction
and the magnetic flux on the axis of the discharge chamber.
Panel (a) exhibits the magnetic flux of the cusped-field dis-
charge chamber, while panel (b) displays the magnetic flux in
the axial-field discharge chamber. Panels (c) and (d) present
the ionization fraction of the cusped-field and axial-field lay-
outs, respectively. Both layouts share the same discharge cur-
rent and gas flow rate of 7 A and 5 SCCM.

For the axial-field layout, we do not have results from the
Langmuir probe for comparison, because the probe tip in the
experiment reached a white-hot state and burned down very
quickly. A possible reason is that the axial magnetic field con-
figuration forms a magnetic nozzle along the axis of the dis-
charge chamber, which then accelerates the ions. The accel-
erated ions then bombard the probe tip, thereby causing it to
overheat quickly. Note that magnetic nozzles have beenwidely
used to accelerate ions in various electric propulsion devices,
e.g. micro-cathode-arc thrusters and ECR plasma thrusters
[63, 64].

Comparing the ionization fraction with the magnetic flux of
the cusped-field layout, it is apparent that the peaks of the ion-
ization fraction nearly have the same positions as the valleys
of the magnetic flux. This is probably due to the constraint
of the magnetic field on the electrons. The electrons emitted
from the cathode are confined by the magnetic field to move
along the magnetic field lines. Magnetic fields of ring mag-
nets squeeze together, forming magnetic mirrors at z∼ 15 mm
and z ∼ 58 mm. Since the electrons are constrained in this
area, there is a better chance for collisions with the atom. On
the other hand, electrons can move along the magnetic line
to radial distances around z ∼ 15 mm and z ∼ 58 mm. This
extends the overall path of the electrons to the anode and also
enhances the collision. Thus, the ionization fraction increases
around these positions.

Comparing panels (c) and (d), it is found that the ionization
fraction of the axial-field layout is generally larger than that
of the cusped-field layout, under the same discharge current
and gas flow rate. More specifically, the ionization fraction
is almost equal before the first peak of the cusped-field lay-
out, while the ionization fraction of the axial-field layout keeps
getting larger than that of the cusped-field layout in other pos-
itions. The possible reason is that the electrons are constrained
near the axis of the discharge chamber in the axial-field layout,
while the electrons in the cusped field move along the radial
direction around the valley of themagnetic field. Thus, the ion-
ization fraction on the axis of the axial field is larger than in
the cusped field.

4.4. Fast determination of ionization fraction

Figure 11 shows the relationship between the ionization
fraction and three typical line-ratios of ionic to atomic lines.

To simplify the narrative, we define: (I) the energy level that
is predominantly excited by electron collisions from ground
the state as ‘ground-dominated level’; (II) the energy level that
is predominantly populated by electron-induced transitions
between excited species as ‘transition-dominated level’. The
three line-ratios are representatives of: ratios of two ‘ground-
dominated levels’ (460.30 nm to 828.01 nm in panel (a)), ratios
of a ‘transition-dominated level’ to a ‘ground-dominated level’
(529.22 nm to 828.01 nm in panel (b)), and ratios of a ‘ground-
dominated level’ to a ‘transition-dominated level’ (460.30 nm
to 823.16 nm in panel (c)). One should note that the line-
ratios presented in panels (b) and (c) are made up of differ-
ent emission lines rather than simply inversely proportional to
each other. The data points given in this figure are measured at
different positions in the discharge chamber. The data points
with low xe that agree with the curve with Te = 10 eV are
mainly located on the far side of the hollow cathode; while
the data points that agree with the curve with Te = 5 eV are
measured near the hollow cathode. This phenomenon means
electron temperature increases with the distance from the hol-
low cathode.
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Figure 11. Variation of three typical line-ratios with the ionization fraction. The circles are the measured data. The solid line are the results
calculated by the comprehensive model assuming the electron temperature is either 5 eV or 10 eV.

We note that the line-ratio in panel (a) is less sensitive
to the electron temperature compare with panels (b) and (c).
The relationship show in panel (a) is approximately linear.
The relationship between the ionization fraction and the line-
ratio shown in panel (b) is monotonously increasing, but it
is affected significantly by electron temperature. The elec-
tron temperature and ionization fraction of the plasma can
be determined simultaneously using the line-ratios represen-
ted in panels (a) and (b). The relationship of the ionization
fraction to the line-ratio shown in panel (c) is more complex:
this line-ratio increases with the electron temperature when
the ionization fraction is low (xe < 1%), but decreases when
the ionization fraction is larger than 1%. Therefore, using the
line-ratios represented in panel (c) in OES diagnostics is more
complicated.

Actually, the line-ratio shown in panel (a) can also have a
clear correlation with the electron temperature when this tem-
perature is very low, as becomes evident by considering the
difference in the activation energy∆Ea ∼ 2.3 eV for this line-
ratio. As the electron temperature increases, the dependence
on that temperature weakens, and the relationship between
the ionization fraction and the line-ratio becomes approx-
imately linear. In this case, the effect of the electron tem-
perature may be ignored, and the ionization fraction can be
quickly estimated using equation (21) below. The parameters
c1 in equation (21) can be taken as 0.597 for the line-ratio of
460.30 nm to 828.01 nm R460/828. Hence:

xe ≈ c1 ·R460/828. (21)

Note that equation (21) is more accurate when the electron
temperature is relatively high (Te > 5 eV).

The fast determination scheme of equation (21) is obtained
by neglecting the influence of electron temperature on the line-
ratio of 460.30 nm to 828.01 nm lines. From this perspective,
the fast determination scheme can be regarded as a simplified
form of equation (11) derived from the CRM. Considering the
upper levels of 460.03 nm and 828.01 nm lines are dominated
by electron-impact excitation and spontaneous radiation pro-
cess, the dimension and geometry of the chamber have no sig-
nificant influence on the fast determination scheme. The fast
determination scheme can be applied to other plasmas if the
plasma meets the applicability range presented in section 5.2.
One should note that a reconstruction of emission intensity dis-
tribution along the line-of-sight may be needed before using
the scheme. Otherwise, the result will be an intensity-weighted
mean value, as in this work.

5. Discussions

5.1. Discussion of the relationship between the dominant
process and the quantum numbers

The present work focuses on the diagnostics of the ionization
fraction. Some special line-ratios that have sensitive relation-
ships to the ionization fraction are used in the diagnostics. The
spectral lines constituting these line-ratios are emitted by ionic
and atomic 6p levels. According to the above analysis, these
excited levels are dominated by electron-induced excitation
processes from the respective atomic and ionic ground states.
This indicates the importance of finding energy levels that are
dominated by ground-state excitation. These levels can be util-
ized for developing similar diagnostic methods for other gases
(e.g. helium, argon, krypton, and iodine plasmas) as in the
work reported here. By finding such levels of ions with higher
ionization stages (e.g. Xe2+, Xe3+), the diagnostic method
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to determine the relative fraction of these ions could also be
developed. This would be highly beneficial for the develop-
ment of plasma devices in general.

Table 3 shows that the energy levels that are dominated by
ground-state excitation share a common feature: they have the
same total electronic angular momentum J as their respective
ground states. This rule applies to both the atom and the ion.
Similar phenomena were also observed in the atomic energy
levels of argon and krypton [46, 65]. On the other hand, con-
sidering that the metastable states have the maximum density
in the excited state (it can be 2–3 orders higher than that of
other excited levels), the reaction rates for processes out of a
metastable state are very important for analyzing the dominant
processes for an excited level.

According to our comprehensive CRM, metastable excit-
ation processes are indeed important for some energy levels
but not important for others. Among the latter levels, some of
them also share the same J with the ground state. Transitions
between the metastable and these other levels, however,
are optically (spin-)forbidden. Usually, electron-impact cross
sections for these transitions are significantly smaller than for
transitions that are optically (spin- and parity-) allowed, except
very close to threshold in some cases. Some studies clearly
show that the size of the electron-impact cross section is indeed
related to whether the dipole transition between the two levels
is forbidden [66, 67]. In the cases of interest for the present
work, however, even though the one-electron transition 5p–6p
transition is optically forbidden, if the initial and the final states
are otherwise identical with respect to their quantum numbers,
the transition resembles some characteristics of elastic scatter-
ing. Hence, some of these cross sections tend to be signific-
antly larger than one might expect otherwise. This is, indeed,
confirmed by the ab initio BSR calculations that are the basis
of our CRM.

5.2. The applicability range of the OES method

Section 4.4 presents a fast determination method for ioniza-
tion fraction which utilizes the line-ratio of ionic 460.30 nm
line to atomic 828.01 nm line. The fast method depends on the
specific kinetics of the excited levels selected, i.e. the dom-
inancy of the ground-state excitation process in the produc-
tion of these levels. Thus, it is applicable in a specific para-
meter range. When the ionization fraction is extremely low
(xe < 10−4), the ionization–excitation process can become
important for the upper level of 460.30 nm. In this case,
the rate balance equation for this level cannot be written as
equation (9), the fast determination method can no longer be
used. For a given gas pressure, increase of ionization fraction
leads to higher electron density and higher electron collision
frequency, which will make the collision process play a more
important role in the de-population of excited species. When
de-population rate through collision is comparable to spontan-
eous radiation (ne > 5× 1012 cm−3), equation (10) will intro-
duce an evident deviation.

It can also be seen from equations (11)–(14) that the
line-ratio is determined by both the ionization fraction
and the electron temperature. For plasma with electron
temperature Te > 4 eV, the rate-coefficient ratio does
not change significantly with electron temperature. In this
range, the diagnostic error introduced by electron tem-
perature is acceptable (∼15%). However, the error will
increase rapidly as the electron temperature decreases. In
the above range of plasma parameters, a comprehensive
CRM should be used and a formal multi-parameter fitting
technique should be adopted to determine the ionization
fraction.

6. Conclusion

We have presented an OES method for determining the ion-
ization fraction in a xenon plasma by using ionic and atomic
lines from the 6p states. Based on a comprehensive CRM, we
analyzed the dominant kinetic process of the ionic and atomic
6p energy levels. Line-ratios with a sensitive relationship to
the ionization fraction were selected, which are the basis of
the OES method developed here. The validity of the OES
method is demonstrated with a magnetized discharge cham-
ber, where the predictions are examined by comparing them
with the ionization fraction obtained from a Langmuir probe.
We also investigated the relationship between the axial distri-
bution of the ionization fraction and the magnetic field config-
uration. In addition, a simplified scheme for the fast determ-
ination of ionization fraction was reported, and the possibil-
ity of extending the OES method to plasmas of other gas was
discussed. The OES method presented in this paper can be
used to determine the ionization fraction of electric propulsion
devices.
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Appendix

This appendix lists all the atomic and ionic energy levels in the
CR model in tables A1 and A2.
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Table A1. The atomic levels included in the CR model. Eb is the bound energy of the levels.

No. Energy level Eb (eV) No. Energy level Eb (eV)

1 5s25p6 1S0 0 34 5p5 (2Po1/2) 6p 2[3/2]2 11.0547
2 5p5(2Po3/2)6s 2[3/2]o2 8.3153 35 5p5 (2Po3/2) 6d 2[5/2]o2 11.0648
3 5p5(2Po3/2)6s 2[3/2]o1 8.4365 36 5p5 (2Po1/2) 6p 2[1/2]1 11.0691
4 5p5(2Po1/2) 6s 2[1/2]o0 9.4472 37 5p5 (2Po3/2) 6d 2[5/2]o3 11.1009
5 5p5 (2Po1/2) 6s 2[1/2]o1 9.5697 38 5p5 (2Po1/2) 6p 2[1/2]0 11.1412
6 5p5 (2Po3/2) 6p 2[1/2]1 9.5802 39 5p5 (2Po3/2) 6d 2[3/2]o1 11.1626
7 5p5 (2Po3/2) 6p 2[5/2]2 9.6856 40 5p5 (2Po3/2) 8s 2[3/2]o2 11.2583
8 5p5 (2Po3/2) 6p 2[5/2]3 9.7207 41 5p5 (2Po3/2) 4f 2[3/2]1 11.2627
9 5p5 (2Po3/2) 6p 2[3/2]1 9.7893 42 5p5 (2Po3/2) 4f 2[3/2]2 11.2639
10 5p5 (2Po3/2) 6p 2[3/2]2 9.8211 43 5p5 (2Po3/2) 4f 2[9/2]5 11.2653
11 5p5 (2Po3/2) 5d 2[1/2]o0 9.8904 44 5p5 (2Po3/2) 4f 2[9/2]4 11.2654
12 5p5 (2Po3/2) 5d 2[1/2]o1 9.9171 45 5p5 (2Po3/2) 4f 2[5/2]3 11.271
13 5p5 (2Po3/2) 6p 2[1/2]0 9.9335 46 5p5 (2Po3/2) 4f 2[5/2]2 11.2714
14 5p5 (2Po3/2) 5d 2[7/2]o4 9.9431 47 5p5 (2Po3/2) 8s 2[3/2]o1 11.2742
15 5p5 (2Po3/2) 5d 2[3/2]o2 9.9588 48 5p5 (2Po3/2) 4f 2[7/2]3 11.2756
16 5p5 (2Po3/2) 5d 2[7/2]o3 10.0391 49 5p5 (2Po3/2) 4f 2[7/2]4 11.2756
17 5p5 (2Po3/2) 5d 2[5/2]o2 10.1575 50 5p5 (2Po1/2) 5d 2[5/2]o2 11.3015
18 5p5 (2Po3/2) 5d 2[5/2]o3 10.22 51 5p5 (2Po1/2) 5d 2[3/2]o2 11.338
19 5p5 (2Po3/2) 5d 2[3/2]o1 10.401 52 5p5 (2Po1/2) 5d 2[5/2]o3 11.3751
20 5p5 (2Po3/2) 7s 2[3/2]o2 10.5621 53 5p5 (2Po3/2) 7d 2[1/2]o1 11.4225
21 5p5 (2Po3/2) 7s 2[3/2]o1 10.5932 54 5p5 (2Po3/2) 8p 2[1/2]1 11.4256
22 5p5 (2Po3/2) 7p 2[1/2]1 10.9016 55 5p5 (2Po3/2) 8p 2[5/2]2 11.434
23 5p5 (2Po3/2) 7p 2[5/2]2 10.9542 56 5p5 (2Po3/2) 7d 2[1/2]o0 11.4388
24 5p5 (2Po1/2) 6p 2[3/2]1 10.9576 57 5p5 (2Po3/2) 8p 2[5/2]3 11.4394
25 5p5 (2Po3/2) 7p 2[5/2]3 10.9688 58 5p5 (2Po3/2) 8p 2[3/2]1 11.4478
26 5p5 (2Po3/2) 6d 2[1/2]o0 10.9715 59 5p5 (2Po3/2) 8p 2[3/2]2 11.4525
27 5p5 (2Po3/2) 6d 2[1/2]o1 10.9788 60 5p5 (2Po3/2) 7d 2[7/2]o4 11.4617
28 5p5 (2Po3/2) 7p 2[3/2]2 10.9957 61 5p5 (2Po3/2) 8p 2[1/2]0 11.4754
29 5p5 (2Po3/2) 6d 2[3/2]o2 10.9984 62 5p5 (2Po3/2) 7d 2[7/2]o3 11.4867
30 5p5 (2Po3/2) 7p 2[3/2]1 11.0029 63 5p5 (2Po3/2) 7d 2[5/2]o2 11.4907
31 5p5 (2Po3/2) 7p 2[1/2]0 11.015 64 5p5 (2Po3/2) 7d 2[3/2]o1 11.4951
32 5p5 (2Po3/2) 6d 2[7/2]o4 11.0236 65 5p5 (2Po3/2) 7d 2[3/2]o2 11.496
33 5p5 (2Po3/2) 6d 2[7/2]o3 11.0377 66 5p5 (2Po3/2) 7d 2[5/2]o3 11.4975
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Table A2. The ionic levels included in the CR model. Eb is the bound energy of the levels.

No. Energy level Eb (eV) No. Energy level Eb (eV)

1 5p5 2Po3/2 0 31 5p4 (3P2) 6p2[3]o7/2 14.0977
2 5p5 2Po1/2 1.3064 32 5p4 (3P2) 5d2[3]5/2 14.2273
3 5s5p6 2S1/2 11.2669 33 5p4 (1D2) 5d2[4]9/2 14.2464
4 5p4 (3P2) 6s 2[2]5/2 11.539 34 5p4 (1D2) 5d2[4]7/2 14.2475
5 5p4 (3P2) 6s2[2] 3/2 11.7865 35 5p4 (3P2) 6p2[1]o3/2 14.4793
6 5p4 (3P2) 5d2[2]5/2 11.8277 36 5p4 (1D2) 5d2[3]5/2 14.7647
7 5p4 (3P2) 5d2[3]7/2 11.8328 37 5p4 (3P2) 6p2[1]o1/2 14.9295
8 5p4 (3P2) 5d2[2]3/2 11.9066 38 5p4 (1D2) 5d2[3]7/2 14.9839
9 5p4 (3P2) 5d2[1]1/2 12.0089 39 5p4 (3P2) 6p2[0]o1/2 15.0244
10 5p4 (3P2) 5d2[4]9/2 12.3246 40 5p4 (3P2) 6p2[1]o3/2 15.0801
11 5p4 (3P2) 6s2[0]1/2 12.5419 41 5p4 (3P2) 6p2[2]o5/2 15.264
12 5p4 (3P2) 5d2[4]7/2 12.5888 42 5p4 (3P2) 6p2[2]o3/2 15.2816
13 5p4 (3P2) 6s2[1]3/2 12.7455 43 5p4 (1D2) 5d2[1]3/2 15.3827
14 5p4 (3P2) 5d2[1]1/2 12.9254 44 5p4 (3P2) 6p2[1]o3/2 15.4099
15 5p4 (3P2) 5d2[1]3/2 13.0572 45 5p4 (1D2) 5d2[2]5/2 15.4115
16 5p4 (3P2) 5d2[0]1/2 13.1358 46 5p4 (3P2) 6p2[1]o1/2 15.4448
17 5p4 (3P2) 5d2[3]5/2 13.2012 47 5p4 (1D2) 5d2[1]1/2 15.7473
18 5p4 (3P2) 6s2[1]1/2 13.2547 48 5p4 (1D2) 5d2[2]3/2 15.8114
19 5p4 (3P2) 5d2[2]3/2 13.3136 49 5p4 (1D2) 6p2[3]o5/2 15.9775
20 5p4 (3P2) 5d2[1]3/2 13.3785 50 5p4 (1S0) 6s2[0]1/2 16.0248
21 5p4 (3P2) 5d2[2]5/2 13.3912 51 5p4 (1D2) 6p2[1]o3/2 16.0767
22 5p4 (3P2) 5d2[3]7/2 13.4427 52 5p4 (1D2) 6p2[3]o7/2 16.1259
23 5p4 (1D2) 6s2[2]5/2 13.5841 53 5p4 (1D2) 6p2[2]o3/2 16.3565
24 5p4 (3P2) 5d2[2]3/2 13.8028 54 5p4 (1D2) 6p2[2]o5/2 16.3917
25 5p4 (3P2) 6p2[2]o3/2 13.8605 55 5p4 (1D2) 6p2[1]o1/2 16.4578
26 5p4 (3P2) 6p2[2]o5/2 13.8811 56 5p4 (1D2) 5d2[0]1/2 16.7454
27 5p4 (3P2) 5d2[2]5/2 13.9735 57 5p4 (1S0) 5d2[2]5/2 16.9325
28 5p4 (1D2) 6s2[2]3/2 14.0009 58 5p4 (1S0) 5d2[2]3/2 17.1176
29 5p4 (3P2) 6p2[3]o5/2 14.0737 59 5p4 (1S0) 6p2[1]o1/2 18.3775
30 5p4 (3P2) 6p2[1]o1/2 14.0936 60 5p4 (1S0) 6p2[1]o3/2 18.4974
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