10P Publishing Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 33 (2024) 055006 (21pp) https://doi.org/10.1088/1361-6595/ad4238

A novel state-resolved actinometry
method to determine the nitrogen atom
number density in the ground state and
intra-shell excited states in low-pressure
electron cyclotron resonance plasmas

Xi-Ming Zhu'*®, Lu Wang'*®, Yan-Fei Wang'®, Yang Wang’, Da-Ren Yu'
and Klaus Bartschat®

! School of Energy Science and Engineering, Harbin Institute of Technology, Harbin, Heilongjiang
150001, People’s Republic of China

2 School of Physics, Harbin Institute of Technology, Harbin, Heilongjiang 150001, People’s Republic of
China

3 Department of Physics and Astronomy, Drake University, Des Moines, IA 50311, United States of
America

E-mail: simon.ximing.zhu@outlook.com and hans.lu.wang @ outlook.com

Received 8 January 2024, revised 16 April 2024
Accepted for publication 23 April 2024
Published 7 May 2024

CrossMark

Abstract

The active-particle number density is a key parameter for plasma material processing, space
propulsion, and plasma-assisted combustion. The traditional actinometry method focuses on
measuring the density of the atoms in the ground state, but there is a lack of an effective optical
emission spectroscopy method to measure intra-shell excited-state densities. The latter atoms
have chemical selectivity and higher energy, and they can easily change the material
morphology as well as the ionization and combustion paths. In this work, we present a novel
state-resolved actinometry (SRA) method, supported by a krypton line-ratio method for the
electron temperature and density, to measure the number densities of nitrogen atoms in the
ground and intra-shell excited states. The SRA method is based on a collisional-radiative model,
considering the kinetics of atomic nitrogen and krypton including their excited states. The
densities measured by our method are compared with those obtained from a dissociative model
in a miniature electron cyclotron resonance (ECR) plasma source. Furthermore, the saturation
effect, in which the electron density remains constant due to the microwave propagation in an
ECR plasma once the power reaches a certain value, is used to verify the electron density
measured by the line-ratio method. An ionization balance model is also presented to examine
the measured electron temperature. All the values obtained with the different methods are in
good agreement with each other, and hence a set of verified rate coefficient data used in our
method can be provided. A novel concept, the ‘excited-state system’, is presented to quickly
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build an optical diagnostic method based on the analysis of quantum number propensity and

selection rules.

Supplementary material for this article is available online

Keywords: state-resolved actinometry, nitrogen plasma, CR model, ECR ion source

1. Introduction

Measuring the number densities of active atoms and radic-
als has been of interest for a long time, due to their chem-
ical selectivity and high energy. These atoms and radicals can
induce changes in the reaction paths, such as promoting the
rate of formatting film in plasma material processing, chan-
ging the ionization path in electron propulsion devices, and
reducing the delay time of plasma ignition in plasma-assisted
combustion systems [1-7].

Based on the light-source induced spectroscopic techno-
logies, including single/two-photon absorption laser-induced
fluorescence (LIF and TALIF) and absorption spectrum (AS)
are powerful tools for in sifu time- and space- resolved
atomic atoms and radicals, such as for H, O, N, NO, OH
and O3 [8-12]. These technologies can obtain the densities
of interest by simple equations. However, the frequencies of
the single photon generated by LIF fall into the vacuum ultra-
violet (VUV) region, thereby posing a significant problem to
propagation in most practical environments. The improved
TALIF technology tends to employ expensive ps/fs-lasers to
eliminate unwanted photolytic production particles. Also, the
AS is only reliable in the case of sufficient high optical depth
[13, 14]. Compared with the above technologies, optical emis-
sion spectroscopy (OES) is the most promising for realistic
industrial applications, especially in enclosed devices, i.e. the
industrial chamber for material processing and the discharge
chamber of the electron propulsion devices, due to its low-cost
equipment and spontaneous radiation nature [15—-19]. In order
to obtain the absolute density, the OES method must be sup-
ported with kinetic investigations, i.e. the actinometry method,
to determine the particle density of interest from the meas-
ured emission lines. It is worth noting that the relative calib-
rated OES experiments are preferred to be used compared to
those with absolute calibration since the latter must consider
the solid angle of the optical system [20, 21].

There are two main steps to apply this approach: one is
adding a trace actinometer (e.g. a noble gas, often Ar) to
the plasma, and the other is choosing emission lines from
the actinometer and the measured atomic emitting state to
build the function relating the particle number density with
the above measured emission lines. Note that the excitation
thresholds of the chosen lines must be close enough to avoid
the actinometric coefficient (the ratio relationship of the rate
coefficients) being affected by the electron temperature. The
density can then be determined because it is proportional to
the ratio of the above lines, due to the population of the excited
states being assumed to have been excited from the ground
state.

Some studies used this traditional actinometry method to
obtain the densities of N, O, and F atoms [22-26]. However,
the assumption that excitation from the ground state domin-
ates the population of the measured states is incorrect in some
operating conditions. For example, the population of the upper
states resulting in O(777 nm) emission is dominated by disso-
ciative excitation, which leads to a disagreement with meas-
urements performed in two-photo absorption LIF experiments
[27, 28]. To solve this problem, the reaction kinetics needs
to be considered in the actinometry method, i.e. dissociat-
ive excitation and excitation from the ground state are both
included to describe the population of the excited states from
the chosen emission lines [29-31]. Furthermore, the plasma
properties need to be investigated in detail, since the actino-
metric coefficient cannot remain constant over a wide range
of discharge conditions [32, 33]. Even though the above actin-
ometry method has successfully determined some particle
densities, it can only measure those in the ground state. For
particles with higher energy and chemical selectivity, referred
to as ‘intra-shell excited-state particles’ below, there is a lack
of an effective OES method to measure their densities.

In this work, we present a novel state-resolved actinometry
(SRA) method to measure the number densities of nitrogen
atoms in the ground state and intra-shell excited states, based
on a collisional-radiative (CR) model coupling the kinetics
between the observed particles and their excited states. The
densities measured by our method are compared with those
obtained from the dissociation model. Furthermore, we pro-
pose a line-ratio method using krypton lines to determine the
electron density and temperature, and their values are verified
by the saturation effect and the ionization balance model. In
particular, we propose a novel concept, the ‘excited-state sys-
tem’, to help in quickly building a diagnostic method for the
parameters of interest.

This paper is structured as follows. In section 2, we describe
the method used in this work. Section 3 introduces the experi-
ment, while section 4 investigates the mapping relation of the
line ratios and the dominant kinetic processes. Section 5 dis-
cusses the excited-state system concept and quantum number
propensity/selection rules, the uncertainty of the SRA, and its
applicability range. Conclusions are drawn in section 6. The
rate coefficients and Einstein coefficients used in this paper
will be made available through the LXCat database [34].

2. Methods

This section introduces our general CR model of nitrogen and
krypton plasma (section 2.1), the SRA method (section 2.2),
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(b) Typical emission spectrum of miniature ECR source
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Figure 1. Principle of state-resolved actinometry for nitrogen atoms, based on the collisional-radiative model.

the OES line-ratios method for krypton (section 2.3), and the
verification method for the above parameters (section 2.4).

Our method, depicted in figure 1, is a novel actinometry
approach based on OES for measuring the nitrogen atom num-
ber density in the ground and intra-shell excited states. The
method involves four main phases. First, a CR model for ana-
lyzing the reaction kinetics needs to be built, including the
CR model of the nitrogen and krypton plasma studied in the
present work. Second, a mapping relation is carried out to find
the line ratios that are sensitive to the measured parameters.
A contribution analysis is also needed to find the coupling
relationship between the measured particles and the emission
lines. Third, after the OES monitoring experiment, we can
obtain the parameters of interest by fitting the experimental
and modeled line ratios. The experiment also provides the
emission signals for the density measurement. At last, a disso-
ciation model is used to verify the results.

In the first phase, creating a database of nitrogen and
krypton plasma, denoted as ‘Dirypion” and ‘Dhiirogen”, IESpect-
ively, is a crucial step. The two databases separately provide
cross sections to the molecular nitrogen and atomic krypton
CR models. In the second phase, a mapping relation analysis is
carried out to find the key reactions Ry, which are sensitive to
the measured parameters from the reaction set of nitrogen and
krypton (Rnilrogen,exc’ kaYPw,exc)’ by a percentage of contribu-
tion (7)exc) analysis. In the third phase, the OES experiment,
depicted in figures 1(a) and (b), exhibits the location of the
monitor and the typical spectrum. The electron density (),
and temperature (7.) are determined by fitting the line ratio for
the Kr atom from the OES monitoring (Spenit) and the model.
Supported by the measured n. and T, the number density of
nitrogen can be determined by building the function related to

the actinometric signal and the rate coefficients of the key reac-
tions. Furthermore, it is worth noting that the uncertainty of the
measured values, A, consists of those from the experiment
(Amonit), the fitted electron temperature and density (6.,1), and
the approximate deviation of the actinometry equations caused
by the variation of the dominant excitation kinetics (Bexc)-
At last, the dissociation model is built, based on the kinetics
of the dissociation processes (Rnitrogeny dis)- Finally, the calcu-
lated values are compared with those obtained from the SRA
method, with the uncertainty denoted by d,,.

2.1 General CR model

The rate balance equations describe the behavior of particles in
the plasma based on the reaction kinetics considered in the CR
model. Their general expressions will be given in this section.

Under typical low-pressure electron cyclotron resonance
(ECR) discharge conditions (pressure 0.1-1 Pa, electron dens-
ity 10'°-3 x 10'' cm~3, electron temperature 5-25 eV), the
important processes involved are electron-impact, (includ-
ing dissociation, dissociative excitation, excitation from the
ground and metastable states, ionization), radiation, absorp-
tion, and diffusion processes. Based on the above processes,
table 1 presents the equations that describe the creation and
destruction of the species of interest.

Equation (1) is the rate balance equation, with ‘col’, ‘rad’,
‘abs’, and ‘wall’ referring to collision, radiation, absorp-
tion, and diffusion-controlled quenching at the wall pro-
cesses. The reaction rate of the collision term R§"_’;§ is writ-
ten in equation (2), determined by the electron density 7., the
particle density n,, and the rate coefficient Q. The expres-
sion for Q is given in equation (3). It is determined by the
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Table 1. Rate balance equations are used for the CR model.

Equation Describe
Equation (1) Z R_ffix + Z R;f'ix + Z R;'ix = R: reaction rate
y#x y>x y<x x, y: state considered in the CR model
SRS+ RS, YR, R
VF#X y<x y>x
Equation (2) Rffii =ne -1y Oy sy ne: electron density
ny: particle density
Q: electron-impact rate coefficient
Equation (3) Oysx= [0y i (Ee)- meie - 8e (Ee) - dEe 05_: cross-section from y to x
o E.: electron kinetic energy
me: electron mass
ge: EEDF
Equation (4) ge (Ee) = %TQ_ 32\ /EeE/Te E: electron energy
T.: effective electron temperature
Equation (5) R;f“ix — Ri‘ﬁy =Ty (nx) -Aysx - my Y, ny: upper state and density
x, ny: lower state and density
Ay_..: Einstein coefficient
Equation (6) I'(r) = % I': escape factor
7: optical depth of plasma
Equation (7) RV = Ky - 1, R,‘?’ﬂ' =Ky + -1y RY4" : neutral loss rate due to diffusion
R}"ﬂ_": ion loss rate due to diffusion
. ~1 -1
Equation (8) Kep= {(ﬁ) + (2";2—%)) K. »: loss frequency of neutral
B n VnYn . . .
?/2 D,,: diffusion coefficient
2 2 o1 .
A, = [(%) + (2~‘]§05) } vn: sticking coefficient
v,: mean neutral speed
A, effective diffusion length
V, A: volume and wall surface area
L, R: radius and length
Equation (9) K+ =2up % K +: loss frequency for the ions

ug: Bohm velocity
hy: edge-to-center density ratio in axial
hg: edge-to-center density ratio in radial

electron-impact cross section oy_,, and the electron energy
distribution function (EEDF) g.. A Maxwellian distribution
is assumed in the model, as shown in equation (4) [35]. The
radiation and absorption terms in the rate balance equation
are written in equation (5), where the escape factor I used is
shown in equation (6). The coefficients of the escape factor
are found in [36]. The diffusion term includes both neut-
ral and ion diffusion, R}4" and R}*'. The loss frequency of
the neutral K, can be found in equation (8), and those of
the ion K, are given in equation (9). The densities of the
particles of interest can be obtained by solving the rate balance
equation.

A complete reaction set and the corresponding cross
sections included in the CR model of the nitrogen plasma
are given in appendix A, and those of the krypton plasma
in appendix B. Once the reaction set and the cross sections
are provided, one can build the CR model using equations

(1)—(9) in table 1. It is worth noting that the rate equation of
the dissociation model and the ionization model can also be
described by the equations given in table 1. They will be intro-
duced in detail in section 2.4.

2.2. SRA method to determine the nitrogen atom density

Our SRA method is based on the investigation of the kinet-
ics in a nitrogen plasma described by the CR model. The CR
model focuses on the kinetics of the 2p>*S°, 2p32D°, and
2p3 2p° states, as well as selected 3p states of atomic nitro-
gen, also listed in table 2. Among these states, we pay atten-
tion to the 2p>(*P)3p *S°, 2p?(*P)3p 2D°, and 2p*(*P)3p 2P°
states, due to their number densities being related to those
of the N(2p®4S°), N(2p?2D°), N(2p> 2P°) states, respectively.
Tables 3 and 4 list the reaction set of the three key 3p states.
We obtain the densities of the states considered in the model
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Table 2. N levels in the present CR model.
State Term E (eV) Symbol
1 2s22p° 4g° 0 N(*s°)
2 2s22p° pe 2.384 NCD®)
3 2s22p° 2pe 3.576 NCP°)
4 2522p°(*P)3s 4p 10.332 N(@3s *P)
5 2s%2p*(*P)3s p 10.687 N(3s 2P)
6 2s2p* 4p 10.927 N@2p**P)
7 2s22p*(P)3p 2g° 11.603 N(@3p 28°)
8 2s22p°*P)3p ‘pe 11.758 N@p D)
9 2s22p*(P)3p 4pe 11.842 N@3p “P°)
10 2s22p°*P)3p 480 11.996 N@G3p *s°)
11 2s22p%(P)3p pe 12.006 N@3p *D°)
12 2s22p°*P)3p 2pe 12.125 N@G3p 2P°)
Table 3. Set of nitrogen reactions involving the ground state, the intra-shell excited states, and the key 3p states.
Reactions Rate coefficients (cm® s™!) References
R, e+ No(X) = e + N(*S°) + N(*s°) 1.79 x 1072 x T%%° x exp(—9.76/T.) [37, 38]
R, e+ No(X) = e + N(*S°) + ND°) 532 x 1077 x T2 x exp(—12.14/T.) [37, 38]
R; e+ No(X) = e + N(*S°) + N(°P°) 2.85 x 1077 x T2 x exp(—12.33/T%) [37, 38]
R4 e 4+ Nao(X) — e + N(*S°) + N(3p*s°) 9.54 x 10712 x T.033? x exp(—21.75/T) [39]
Rs e+ Nao(X) = e + N(*S°) + N(3p’D°) 6.02 x 10711 x T.04%* x exp(—21.76/T¢) [39]
R¢ e 4+ Nao(X) = e + N(*S°) + N(3p°P°) 3.12 x 1071 x T % exp(—21.88/T.) [39]
R7 e+ N(*S) < e + N(*D°) 229 x 1078 x T.7%%0 x exp(—2.38/T¢) [40]
Rg e+ N(*S) < e + N(P°) 7.95 x 1077 x T 7% x exp(—3.58/T¢) [40]
Ry e+ N(*S) <> ¢ + N(3p*S®) 454 % 10710 x T %130 x exp(—11.99/T.) [40]
Rio e+ N(*S) <> e + N(3p*D°) 8.60 x 107190 x T, 703 x exp(—12.00/T.) [40]
R e+ N(*S) <> e + N(3p*P°) 471 x 10710 x T, 7077 x exp(—12.12/T) [40]
Ri» e+ N(D) <> ¢ + N(3p*s°) 1.91 x 10719 x 7,74 x exp(—9.61/T.) [40]
Ris e+ N(’D) > ¢ + N(3p?D°) 3.00 x 1072 x Te =185 x exp(—9.62/Te) [40]
Ris e+ N(D) <> e + N(3p?P°) 434 % 10719 x T, 717 x exp(—9.74/T.) [40]
Ris e+ NCP) < e + N(3p*S®) 1.80 x 10710 % 7,708  exp(—8.42/T¢) [40]
Ris ¢ 4+ NCP) < ¢ + N(3p*D°) 1.03 x 107° x T =158 x exp(—8.42/T.) [40]
Ri7 e+ NCP) <> e + N(3p*P°) 3.66 X 107° x T~ %1% x exp(—8.55/T¢) [40]

Table 4. Other sets of nitrogen reactions involving optical transitions and diffusion-controlled quenching at the wall.

Reactions Einstein coefficient (s~ 1) References
Rig N(3p*S°) — N(3s*P) + hv 3.71 x 10’ [41]
Rio N@p?D°®) — N(3s*P) + hv 2.50 x 107 [41]
Ry N(3p*P°) — N(3s°P) + hv 3.16 x 10’ [41]
Particles Diffusion coefficient (cm? s~ ") References
Ry N(*S°) — 172Ny (X) 2 x 10%/n, [42-44]
R N(*D°) — N(*S°) 6 x 10"/n, [43, 45]
R2; N(P°) — N(*s°) 5 x 10"%/n, [43, 45]
Ros N@3p) — N(*S°) 5 % 10"/ng [43, 45]

by solving the rate balance equations written in table 1, from
which the contribution from the ground state and intra-shell
excited states to the population of the 3p states can be determ-
ined. Based on these, we can obtain the equations that describe
the relationship between the measured states and the emis-
sion lines; they are listed in table 5. Equation (10) gives the
general expression for measuring the densities of states in
this work. It depends on the actinometric coefficient C,

the excitation coefficient «,, and the so-called actinometric
signal (I;/I,). In this work, n, (y = 2p348°, 2p32D°, 2p® 2P°)
denotes the measured densities of the ground state and two
intra-shell excited states from the special actinometric sig-
nals. In equations (10)—(13), for measuring the 2p>*S° state,
y = 2p*4S° and x = 2p?’CP)3p *S°, but for N(2p32D°)
and N(2p*2P°) states, y = 2p*>?D°, x = 2p*(*°P)3p *D° and
y = 2p>2P°, x = 2p*(*P)3p %P°, respectively. Furthermore,
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Table 5. Equations used to determine the number densities of N(2p> *S°), N(2p? 2D°), N(2p° 2P°).

Equation Description
. . o1 ‘ .
Equation (10) % =Chy 111((3) - % ny: density of measured states

nact: density of actinometry gas (act = Kr in this work)
INnw: intensity of emission line from state x of N

Ikr(x): intensity of emission line from state x of Kr

C’,: ratio of rate coefficients for atomic excitation

oy: ratio of rate coefficients for molecular excitation and
atomic excitation

&: fraction of actinometer in the gas

_ Oke(g) o ke(w)

Equation (11) c

Q: rate coefficient

act ™ On(y) SN()
Kr(gs): ground state of Kr
Kr(x): excited state x of Kr
N(x): excited state x of N
N(y): excited state y of N
Equation (12) ay = % Na(gs): ground state of N
Equation (13) £ = fu nnz: density of molecular Ny

nN,

Kr(x) denotes the 4p>(>P°3/,)5p?[1/2]o state in the above three
cases.

As shown in table 5, the rate coefficient Q controls the actin-
ometric coefficient Cj, and the excitation coefficient cv,. The
expressions for the rate coefficients can be found in equation
(2) of table 1. They are calculated according to the cross
sections and the assumed EEDF (a Maxwell distribution is
taken in this work; see [35]). There are six kinds of reac-
tion kinetics considered in the CR model for the investiga-
tion of the key reactions affecting the population of the excited
states in tables 3 and 4: (1) electron-impact dissociation pro-
cesses (R;—R3); the total dissociation cross section was meas-
ured by Cosby [37], and the branching ratios for Rj—Rj3 are
assumed to be 0.5, 0.3, and 0.2, based on the predictions by
Zipf et al [38]; (2) electron-impact dissociative excitation pro-
cesses (R4—Rg); the cross sections were measured by Filippelli
et al [39]; (3) electron-impact excitation processes from the
ground and metastable states (R7—R7); the cross sections were
calculated by Wang et al, using the B-spline R-matrix-with
preudostates method [40]; (4) spontaneous radiation (Rjg—
Ry9); their Einstein coefficients are taken from NIST [41]; (5)
diffusion processes (R2;—R»3); the diffusion coefficient D,, and
the sticking coefficient y can be found in [42—45].

2.3. Line-ratio method

The line-ratio method for measuring the electron density (7.)
and temperature (7) is based on the investigation of the
excited states of Kr(5p). The states considered in our Kr CR
model are listed in table B1. Note that 4p5(2P°3/2)5p 2[5/2]5,
4p>(PP°32)5p *[1/2],4p°(*P°1,2)5p *[1/2]0, and 4p° (*P°12)5p
2[3/2], are the most important states in the CR model, since
their populations distribution can be used to determine n. and
T.. This follows from the analysis of the line-ratio mapping
relation. The reaction set involving the four Kr(5p) states is
listed in table B2. The cross sections used in the Kr CR model

are from measurements in Lin’s group [46] and calculations
in Bartschat’s group [47], while the diffusion coefficients and
the Einstein coefficients are from Kolts et al [48] and the
NIST database [41]. We obtain the densities of the Kr(5p)
states by solving the rate balance equations (equations (1)—
(9) in table 1). After that, the emission intensity / can be cal-
culated, since [ is proportional to the excited-state densities.
Two group line-ratios are defined to measure n. and T, as
shown in table 6, i.e. v x, for n. (equation (14)) and v, ,, for
T, (equation (15)). For simplification, the Kr states are writ-
ten in Paschen notation instead of the J—K coupling scheme in
table 6; the corresponding relationship between them is shown
in table B1.

2.4. Verification method

2.4.1 Dissociation model. The dissociation model, based on
the kinetics investigation of the 2p#S°, 2p32D°, and 2p? >P°
states of atomic nitrogen, includes the dissociation processes
(R;-R3), the excitation processes (R7—Rg), and the diffusion
process (Ry1—Ry4). The cross sections for Rj—R3; and R;—Rg
were introduced in section 2.2. The diffusional losses of neut-
rals are estimated by an effective loss-rate coefficient Kjyg
(equation (8) in table 1); the coefficient D, involved and
the sticking coefficient can be found in [42-45]. The dens-
ities of the above three states can be determined by solv-
ing the rate-balance equations, a simplified expression of
equation (1), i.e.

SR =R (16)

A%

Here, ‘col’ denotes the electron-impact dissociation with
y (N), and ‘wall’ is the neutral diffusion of x particles,
specifically in the 2p3*S°, 2p32?D°, and 2p32P° states of

atomic nitrogen. The reaction rate Rff’_l)y can be found in

equations (2)—(4), and R"¥'in equations (7)—(8).

s
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Table 6. Line-ratios used to determine the electron density and temperature.

Equation

Describe

Equation (14) _ Ikespy  OKr(gs)—Kr(5py)

ILxy — -
IKr(Spy) QKr(gs)%Kr(Spy)

NKr(dsx) OKe(ds)—Kr(5px)
NKr(gs) OKr(gs)—Kr(5py)

Y1,xy: line-ratio for ne

x, y: one of the 1s and 2p states

gs: ground state

Kr(5px): x refers to the 2pg state

Kr(4sx): x refers to the 1s5 state

Kr(5py): y refers to the 2ps state

ITxr(spx: intensity of the 2py — 1ss transition (811.3 nm)
Ix(spy): intensity of the 2ps — 1s4 transition (758.7 nm)
Q: rate coefficient

n: density

Iespy _ OKe(es)—Kr(5px)
Ixe(spy) OKr(gs)—Kr(5py)

Equation (15) 724 =

Y2,xy: line-ratio for T

Kr(5px): x refers to the 2p, state

Kr(5py): y refers to the 2p; state

Ixc(spx): intensity of the 2p, — 1s; transition (826.3 nm)
I:(spy): intensity of the 2p; — 1s; transition (768.5 nm)

2.4.3. Saturation effect in the ECR plasma. The
phenomenon of electron density (n.) saturation
(~2.2 x 10'" em™3, 4.2 GHz frequency) is observed, i.e.
ne no longer increases with the absorbed power and inlet flow
rate at the resonance position of our 2 cm miniature ECR ion
source [49]. The value for . is derived from the relation

1/2
£o= 1 [/é*ne. /
e or \eom ’
Here, e is the electron charge, n. is the electron density, g

is the vacuum permittivity, m is the electron mass, and f. is
the microwave frequency ~4.2 GHz.

a7

2.4.3 lonization balance model.  This model is based on the
continuity equation for the species, which describes the kinet-
ics of N, ions in the average volume. It can be written as

RCOl — RWall
2 : y—rx X+
y#x

(18)

Here, ‘col’ is the electron-impact dissociation with y (N»),
‘wall’ is the ion diffusion of x (N5). The reaction rate R,
can be found in equations (2)—(4), and R;f,, in equations (7) and
(9). The ionization cross section are taken from recommended
values of Itikawa et al [50], based on the measurements by
Straub et al [51]. The latter are employed in many nitrogen

plasma models [52-56].

3. Experiment

3.1. ECR plasma source

A schematic diagram of the experimental discharge devices
is shown in figure 2. Experiments in the present work are
performed on a miniature ECR plasma source with a diameter
of 2 cm and an axial length of 4 mm. The schematic of the ECR
source is also shown in figure 2. Details of the configuration of

the ECR source were described by Koizumi et al [57], Yang
et al [58], and Meng et al [49]. The discharge works using
molecular nitrogen, whose flow rate (g) is either 0.2, 0.3, or
0.5 sccm. For the above three flow rates, the krypton actino-
meter is provided at 0.05 sccm, and the input microwave power
(Pyp) varies from 2 to 9 W. In our operating conditions, the dis-
sociation degree can reach ~1%—-2%.

3.2. Optical measurement

The emission from the plasma is recorded using an
optical-fiber CCD spectrometer (FHR-1000, HORIBA Inc.,
wavelength range 200-1200 nm, resolution 0.05 nm, slit width
20 pm). As shown in figure 2, the optical probe coincides with
the center line of the discharge chamber. A tungsten lamp was
utilized as a dot source to investigate the spatial resolution of
the optical probe. The angular resolution of the optical probe
can reach ~1°, and the spatial resolution is better than 2 mm.
The details of the method for determining the spatial resolution
can refer to our previous paper [59]. The deuterium calibra-
tion lamp (~200-420 nm) and the halogen calibration lamp
(~420-1100 nm) are used to calibrate the relative response of
the optical systems. The emission lines of N(3p) and Kr(5p)
are observed in the experiments used for the diagnostics.

4. Results

There are four main topics covered in this section. Firstly,
the CR processes of the 4p5(2P°3/2)5p 2[5/2]5, 4p5(2P°3/2)5p
2[1/2]p, 4p°(*P°12)Sp [3/2],, and 4p°(*P°1)5p 2[1/2]o
states of atomic krypton are analyzed. The mapping rela-
tions for determining n. (811.3 nm/758.7 nm) and T,
(826.3 nm/768.5 nm) are given. Secondly, based on the map-
ping relation, the measured values of n. and T. using the
line-ratio method versus power and flow are given; among
them, n, is verified via the saturation effect of the ECR plasma
source, while T, is compared with the value obtained from
the ionization model. After that, the key kinetic mechanisms
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Figure 2. Schematic diagram of the experimental setup.

for measuring the number densities in the ground state and
the intra-shell excited states are investigated. Lastly, the
measured densities of the 2p>#S°, 2p32D°, 2p32P° states of
atomic nitrogen are compared with those calculated by the
dissociation model.

4.1. Mapping relation for the electron density and
temperature

From figures 3(a) and (c), it can be seen that the 4p> (*P°3/,)5p
2[1/2]o., 4p5 (2P°1/2)5p 2[3/2],, and 4p5(2P°1/2)5p 2[1/2], states
of the Kr atom are mainly excited from the ground state,
while the 4p>(?P°3,)5p 2[5/2]5 state is not only generated by
excitation from the ground state but also by excitation from
metastable states. Because of this difference, the line-ratio
(811.3 nm/758.7 nm), has a strong n. dependence as shown
in figure 3(b), while the 7, ratio (826.3 nm/768.5 nm) has
a strong T. dependence seen in figure 3(d). Recall that the
expressions for | and v, are presented in table 6. Another
reason for choosing 7y, to obtain 7 is the fact that the energy
dependences of the cross sections for the emitting states are
very different. In particular, the cross section for 4p> (*P°/,)5p
2[1/2]o decreases more slowly than that for 4p5(2P° 12)5p
2[3/2], above threshold, according to measurements in Lin’s
group [46]. By using the latter cross section, one can thus
diagnose a larger range of 7. (~5-20 eV), even though
the threshold energy of the two states is close (~0.1 eV).
Furthermore, cascade effects have little influence on either
of the two cross sections, as becomes evident by compar-
ing the apparent and the direct cross sections. Consequently,
our method can also be applied at higher discharge pressure
(~20 Pa). The highest pressure is determined by considering

the reabsorption effect of the resonance radiation from the
4p>(*P°3)5 s 2[1/2]°, state. Above this pressure, the reson-
ance state significantly contributes to the 4p>(?P°1,2)5p %[3/2]»
state, and the contribution is considerable with the ground-
state excitation, resulting in the coronal model involved with
the two emitting states for determining the electron temperat-
ure is not suitable.

4.2. Electron density and temperature versus the power and
flow rate

Figure 4 depicts the electron density and temperature versus
the input power and the nitrogen flow rate, respectively,
obtained at the central region of the ECR plasma source.
Figure 4(a) shows a density increase from 7 x 10'° cm™3 to
1.36 x 10''cm™—3, as the power rises from 2 W to 5.5 W.
For higher powers, it becomes constant under the condition
of a 0.2 sccm flow rate. When the flow rate is 0.3 sccm
and 0.5 sccm, the trend is similar, but the inflection points
occur at lower power (~3.5 W at 0.3 sccm; ~2.8 W at
0.5 sccm). The peak values increase with increasing flow rate.
This can be explained using the saturation effect supported
by the two-dimensional distributions in the discharge cham-
ber. The assumed two-dimensional distribution can be found
in appendix D, according to the measurement and particle-
in-cell simulation results in the same ECR source [49, 59].
From equation (17), we know that the saturation electron dens-
ity is ~2.2 x 10" cm™3 in the resonance region. This agrees
with the values above 9 W at 0.5 sccm seen in figure 4(a).
In these discharge conditions, the distribution of the electron
density is flat, i.e. the values in the center position are close
to those in the resonance position. With decreasing flow rate,
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Figure 3. Collisional-radiative mechanisms and mapping relations of the Kr lines used to determine the electron density

(811.3 nm/758.7 nm) and temperature (826.3 nm/768.5 nm).

(a) Electron density variation with the power and flow rate
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Figure 4. Electron density and temperature, obtained by the line-ratios method, versus the power at 0.2, 0.3, and 0.5 sccm molecular

nitrogen flow rates.

the distribution of the electron density gradually changes from
flat to steep (affected by ¢ in table D1), meaning that the dif-
ference in the electron density between the resonance posi-
tion and center position becomes more significant. This can be
used to explain why the measured saturation values become
smaller with decreasing flow rates. The uncertainty in the

saturation values used to verify the electron density is estim-
ated at ~5%—7%, while that for the measured electron density
is estimated at ~10%. Note that the uncertainty in figure 4(a)
has been multiplied by 1.5 for better visibility.

Figure 4(b) shows that the electron temperature increased
as the power at the flow rate of 0.2, 0.3 and 0.5 sccm, but the
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Figure 5. Kinetics of the N(2p2(3P)3p 45°) state. (a) N lines important to SRA; (b) comparison of excitation contributions to the
N(2p2(3P)3p 4SC’) state; (c) and (d) variation of the contributions from molecular dissociative excitation and the excitation from the ground

state as a function of electron density and temperature, respectively.

electron temperature decreases as the increment of the flow
rate (from the 0.2-0.5 sccm) The phenomenon that the elec-
tron temperature increases with the power can be understood
from the evolution of the plasma potential observed in [60],
in which the gradient of the plasma potential increases with
the power, causing the electrons to transition from the reson-
ance position to the center position. In addition, the uncertainty
measured by the line-ratio method is ~10%-20%, due to the
residual error associated with the line-ratio fitting. The uncer-
tainty of the ionization balance model is ~15%-25%. It con-
sists of three uncertainties: (a) the uncertainty caused by the
edge-to-center ratio /; and hg, ~5%-20% [61]; (b) the uncer-
tainty of the ionization cross section of molecular nitrogen,
~5% recommended by Itikawa [50]; (c) the uncertainty of the
N; ion percentage in the plasma () in table C1), ~15%.

The trend of the electron temperature and density versus
the power and flow rate by the Langmuir probes in the similar
ECR plasma source using xenon gas is the same as our results,
and the order of magnitude is also close to our results [58].
The maximum value of the electron temperature is ~15 eV
with the xenon gas, and ~18 eV in our measurement with
N,/Kr gas. The maximum value of the electron density is
~2.2 x 10" cm™3 both with the xenon and N,/Kr work-
ing gases, which has been explained by the saturation effect
in [49].

4.3. Kinetics of the 2p?(*P)3p *S°, 2p?(®P)3p °D°, and
2p?(3P)3p 2P° states of atomic nitrogen

Figures 5(a) and (b) show the kinetics between the N(2p? 4S°)
and N(2p*>(*P)3p #S°) states and the comparison of excitation

contributions to the N(2p?’(*P)3p #S°) state. It can be seen
that the population of the N(2p?(3P)3p *S°) state is governed
by dissociative excitation of molecular nitrogen and ground-
state excitation. Figures 5(c) and (d) show the percentage of
the contribution of dissociative excitation and atomic excit-
ation from the N (2p3 45°) state. At low electron density and
temperature (5 x 10'°cm™3 and 5 eV), the population of the
N(2p*(*P)3p #S°) state is dominated by dissociative excita-
tion (~88%), but when the electron density and temperat-
ure increase, atomic excitation becomes important (~30% at
10" em™3 and 10 eV). In addition, figure 3(a) shows that the
Kr(4p5 (?P° 32)5p 2[1/2]) state is predominantly populated by
electron-impact excitation from the ground state. Therefore,
the density of N(2p3“S°) states indeed has a functional rela-
tionship to the emission lines from the N(2p2(3 P)3p 48°) and
Kr(4p5(2P°3/2)5p 2[1/2]) states, as shown in equation (10) of
table 5.

Figures 6(a) and (b) show the kinetics between the
N(2p*?D°) and N(2p?’(*P)3p 2D°) states and the compar-
ison of excitation contributions to the N(2p2(3P) 3p Do)
state. It can be seen that the population of the N(2p>(*P)3p
’D°) state is governed by dissociative excitation of molecu-
lar nitrogen and atomic excitation from the N(2p3 2D°) state.
Figures 6(c) and (d) show the percentage of the contribution
of dissociative and atomic excitation. At low electron dens-
ity and temperature (5 x 10'°cm™3 and 5 eV), the population
of N(2p2(3P)3p 2D°) is dominated by dissociative excitation
(~93%). However, when the electron density and temperat-
ure increase, atomic excitation becomes important, growing
to ~10% at 10'' cm—3 and 10 eV. Therefore, similar to the
case of N(2p*#S°), the density of N(2p*2D°) has a functional
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Figure 6. Kinetics of the N(2p2(3P)3p 2D°) state. (a) N lines important to SRA; (b) comparison of excitation contributions to the
N(2p2(3P)3p 2D°) state; (c) and (d) variation of the contributions from molecular dissociative excitation and excitation from the intra-shell
excited state (2p® >D®) as a function of electron density and temperature, respectively.

relationship to the emission lines from the N(2p?>(*P)3p 2D°)
and Kr(4p> (?P°3,)5p 2[1/2]) states, as shown in equation (10)
of table 5.

Figures 7(a) and (b) show the kinetics between the
N(2p?2P°) and N(2p?’(*P)3p 2P°) state and the comparison
of excitation contributions to the N(2p?(*P)3p 2P°) state. It
can be seen that the population of the N(2p>(*P)3p 2P°) state
is governed by dissociative excitation of molecular nitrogen
and excitation from intra-shell excited states. Figures 7(c)
and (d) show the percentage of the contributions from disso-
ciative excitation and atomic excitation from the N(2p32P°)
state. At low electron density and temperature (5 x 10'° cm—3
and 5 eV), the population of N(2p>(*P)3p 2P°) is dom-
inated by dissociative excitation (~91%). However, when
the electron density and temperature increase, atomic excit-
ation becomes important, growing to ~12% at 10'' cm™3
and 10 eV. Therefore, similar to N(2p®4S°) and N(2p?2D°®),
the density of N(2p*?P°) again has a functional relation-
ship to the emission lines from the N (2p?(*P)3p 2P°) and
Kr(4p>(®P°32)5p 2[1/2]y) states.

Figures 8(a)—(c) show the densities of atoms in the
N(@2p*#S°), N(2p*?D°), and N(2p’2P°) states versus the
power and flow. Their densities are determined by equations
(10)—(13) in table 5, where T, is obtained by the line-ratio
of Kr (826.3 nm/768.5 nm). From figure 8(a), it is seen that
the N(2p*#S°) densities rise with the power and flow, and
the peak value occurs under the conditions of 0.5 sccm and
9 W. The trends in N(2p??D°) and N(2p?2P°) are similar to
N(2p?#S°), but the densities of N(2p>#S°) are about twice
those of N(2p?2D°®), i.e. one order of magnitude larger than

those of N(2p32P°). The measured densities are compared
with those obtained from the dissociation model. It is seen that
the agreement between the two methods is quite good at high
power values (>3 W) within the given uncertainty. However,
there are minor discrepancies for N(2p® 2D°) and N(2p> 2P°)
at lower power values, due to the kinetics of N(2p>(*P)3p 2D°)
and N(2p?(*P)3p 2D°) being dominated by dissociative excit-
ation at low electron densities, as shown in figures 6 and 7.
At the flow rate of 0.2 sccm, only a few measured points
are shown because the spectrometer used in our work has
a weak quantum conversion efficiency for wavelengths lar-
ger than 900 nm. Note that the uncertainties of the measured
N(2p?#S°) and N(2p32D°) densities at 0.2 sccm are magni-
fied by a factor of 1.5 in figures 8(a) and (c) for better visib-
ility. The uncertainty of the dissociation model is estimated
at ~30% in figures 8(a)—(c). It is mainly due to the branch-
ing ratio of the total dissociation cross section. In our work,
we assumed a constant branching ratio to yield the N(2p® 2D°)
and N(2p?2P°) cross sections, but in reality the branching is
a function of the electron energy. The uncertainty of the SRA
method will be discussed in section 5.2.

5. Discussion

We now present a novel concept, the ‘excited-state sys-
tem’, which can serve as a guide to building a diagnostic
method for determining the number densities of the occu-
pied states of interest. The method for determining which cer-
tain states included in the excited-state system is based on
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Figure 7. Kinetics of the N(2p2(3 P)3p 2P°) state. (a) N lines important to SRA; (b) comparison of excitation contributions to the
N(2p2(3P)3p 2p°) state; (c) and (d) variation of the contributions from molecular dissociative excitation and excitation from the intra-shell

excited state (2p° 2P°

some important propensity and selection rules considering the
quantum numbers of the states involved. In addition, we eval-
uate possible uncertainties in the SRA method. At last, we dis-
cuss the applicability range of the state-resolved method.

5.1. Excited-state system and propensity/selection rules for
optical diagnostics

An excited-state system is defined as a nearly closed
excitation—deexcitation cyclic system between a few selected
states. Being essentially independent from the other states, one
can find emission lines that are sensitive to the parameters of
interest among the many emission lines observed in gener-
ally very complex experimental spectra. Below, we summarize
propensity rules based on the quantum numbers of the states
involved. These rules serve as a guide for selecting the partic-
ular states included in the system.

This concept is ideally suited for our method of determ-
ining the number densities of atomic nitrogen states. Three
excited-state systems are presented in table 7, namely the
‘N(2p*4S°) excited-state system’, the ‘N(2p®2D°) excited-
state system’, and the ‘N(2p*?P°) excited-state system’. In
the case of atomic nitrogen, each excited-state system includes
three states, i.e. the ground state or an intra-shell excited state,
a 3s intermediate state, and a 3p excited state. The states
included in the excited-state systems have the following prop-
erties: (i) the lowest state is the ground state or an intra-shell
excited metastable state; (ii) the emitting states decay to the
lowest state by one or more optical transitions (in the case of

) as a function of electron density and temperature, respectively.

atomic nitrogen, two optical transitions from an emitting 3p
state lead to the lowest state via an intermediate 3s state); (iii)
the electron-impact excitation cross section for the transition
from the lowest state to the emitting state must be large com-
pared to other electron-driven transitions that might populate
the emitting state.

The above criteria can be explained by using propensity/
selection rules involving the relevant quantum numbers. The
ground-state and the intra-shell excited states have a signific-
ant density compared to that of other states in most discharges.
Now let us compare the electron-impact cross sections for
exciting the selected emitting states from the three lowest
states to verify the propensities. Specifically, except for near-
threshold, spin-forbidden transitions (AS # 0, as in excit-
ing the 2p(*P)3p 2D° state from the 2p>*S° state of atomic
nitrogen), are generally small compared to spin-allowed but
parity-forbidden transitions (AS # 0 but the same parity, as
in exciting the 2p?>(*P)3p #S° state from the 2p®*S° state or
the 2p?(*P)3p 2D,P° states from the 2p® 2D,P° states). The lat-
ter, in turn, are small compared to dipole-allowed transitions
(AS=0; AL=0, +1; AJ = 0, +1; opposite parity between
the initial and final states). (These dipole-allowed transitions
are not relevant for our setup in nitrogen but for the other
gas case, i.e. oxygen) Among the spin-allowed but dipole-
forbidden transitions, the cross sections satisfying the condi-
tion AL = 0 in atomic nitrogen tend to be larger compared to
the AL = +1 transitions. For example, the cross section for
exciting the 2p?(*P)3p 2D° state from the 2p? 2D state is gen-
erally larger by about a factor of 2.7 compared to exciting the
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(a) Ground-state atomic density from the state-resolved method and the dissociation model
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. 0.2 sccm 0.3 sccm 0.5 sccm

o 1.50 ! 4 1.50 4 150 | i E
3

g N(2p3 ZDD)
Z 075} 4 075} 4 075 . Model
é /% © Measurement
=

£ OF . of: {1 ot : .

S 1 I 1 1 1 1 I 1 1

< 2 55 9 2 5.5 9 2 5.5 9

Power (W) Power (W) Power (W)

(c) Excited-state atomic density from the state-resolved method and the dissociation model

N(2p3 2P0)
030 7 Model

O Measurement

- 0.2 sccm 0.3 sccm 0.5 scem
n? T T T T L} T T T T
=
NU 0.60 | 4 0.60 ! 4 0.60 | | e
—

o

=)

Z 030} 4 030}

i

§ 0000300309l |9

c 0F - 0} - 0t -
8 1 1 1 1 1 1 1 1 1
< 2 55 9 2 5.5 9 2 5.5 9

Power (W) Power (W) Power (W)

Figure 8. Number densities of atoms in the ground state as well as the intra-shell excited states, measured by our state-resolved actinometry
method and calculated based on the dissociation model. (a) Density of the N(2p3 45°) state versus power and molecular nitrogen flow rates;

(b) density of the N(2p3 2D°) state versus power and molecular nitrogen flow rates; (c) density of the N(2p

32p°) state versus the power and

molecular nitrogen flow rates. The scatter points in panels (a)—(c) are the measured values, while the straight lines are the calculated values.

former from the 2p? 2P° state. Our particular choices have been
confirmed by ab initio BSR calculations and, in a few cases,
also by experiment. These properties of the cross sections,
which lead to the kinetics relations displayed in figures 5-7,
are a helpful guide in choosing the certain states to construct
excited-state systems.

5.2. Uncertainty of the SRA method

The uncertainty of the SRA results depicted in figure 8 is eval-
uated in table 8. We consider the following two types: (i) the
uncertainty of the coefficients (A¢, A, and A¢) in equation
(10); (ii) the uncertainty in the spectral measurement (A jy;)).

(i) The uncertainty in the coefficients includes: (a) the actino-
metric coefficient uncertainty A¢, (b) the excitation coef-
ficient A, and (c) the fractional actinometer uncertainty

Ag¢. (a) Ac can be determined from the residual error
associated with the line-ratio fitting (~5%-12%) and
the uncertainties of the cross sections involved (~10%
for electron-impact excitations in nitrogen, also 10% for
excitations in krypton). The reason for considering the
residual error of the line ratio is that the rate coeffi-
cients in A¢ are affected by the electron temperature
T., as shown in equation (10). Also, T, is obtained by
the line-ratio method. It is worth noting that the uncer-
tainty of the original cross section for the excitation pro-
cess, e + Kr(4p®'Sg) — e + Kr(4p>(?P°32)5p 2[1/2]p), is
~13%-20%. Since this is significant for the measurement,
we revised the data by comparing the model’s line ratios
(811.3 nm/758.7 nm) with those from the experiment. (b)
The method of estimating A, is similar to that of Ac; the
difference is that A, is affected by the cross sections of
both dissociative excitation (~15%) and atomic excitation
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Table 7. Excited-state systems for measuring state-resolved atomic nitrogen densities.

N(@2p’*S°) excited-state system

Emitting state Intermediate state Lower state A (nm)
Conf. Term J Conf. Term J Conf. Term J Former Latter
2522p°CCP)3p 4s° 312 2s22p°C*P)3 s 4p 12 2s%2p° 480 312 742.36 120.07
2522p*(*P)3p 4g° 312 2522p*CP)3 s “p 312 2s22p° 4g° 312 74423 120.02
2s22p°CP)3p 4s° 312 2s22p°C*P)3 s 4p 5/2 28%2p° 480 312 756.83 119.95
N(2p?2D°) excited-state system

Emitting state Intermediate state Lower state A(nm)
Configuration Term J Configuration Term J Configuration Term J former latter
2522p%(P)3p pe 312 2s22p*CP)3 s p 12 2s22p° pe 312 938.68 149.46
2s22p°CP)3p pe 512 2s22p°C*P)3 s ’p 312 2s%2p° pe 312 939.28 149.28
2522p*(P)3p pe 312 2s22p*(P)3 s p 312 2s22p° pe 5/2 946.07 149.26
N(2p? 2P°) excited-state system

Emitting state Intermediate state Lower state A (nm)
Configuration Term J Configuration Term J Configuration Term J Former Latter
2522p*CP)3p 2pe 3/2 25°2p*(°P)3s ’p 12 2s%2p° 2p° 12 856.77 174.52
2s22p°CCP)3p 2pe 12 2522p*(*P)3s ’p 12 2s22p° 2pe 312 859.40 17.53
2s22p°(*P)3p 2pe 3R 2522p°(*P)3s ’p 3R 2s%2p° 2pe 172 862.92 174.27
2s22p*CCP)3p 2pe 12 2522p*(*P)3s ’p 312 2s22p° 2pe 312 865.59 147.27

(~10%). (c) The uncertainty A¢ is ~3% at low flow rate
(¢) and input power (Py,), while it grows to ~10% at high ¢
and Pj,, considering the variation in the dissociation ratio
of molecular nitrogen.

(i) The uncertainty in the spectral measurement can be
determined from the noise-to-signal ratio of emission
lines. The experimental data show that noise affects the
emission lines from N(2p?(*P)3p D°) most significantly.
For instance, the 938.60 nm and 939.2 nm line’s noise-to-
signal is ~12%-50%, while the noise-to-signal ratio for
those from N(2p?(®P)3p 2P°) is ~2%—20%.

Besides the above two types of uncertainty listed in table 8,
the uncertainty induced by equation (10) is also considered. It
can be estimated from the percentage contribution of atomic
excitation 7exe(xi), typically ~7%. Note that Ay exevy 1S not
listed in table 8, because it is much smaller than the coeffi-
cient and experiment uncertainty. However, the total uncer-
tainty includes Ay cxc(viy, Which is listed in table 8 under the
representative operating conditions.

5.3. Applicability range of the SRA method

The premise of our method is that the ground state and intra-
shell excited states contribute to the corresponding emission
states, typically with Nexeiy > 10%, as shown in figures 5-7.

Thus, the approach is applicable in a specific range, namely
when 7, is larger than 10'' cm~3, resulting in the dissoci-
ation degree of the plasma source being >1%. The dissoci-
ation degree condition can not only be satisfied in ECR plasma
(~0.1-1 Pa), but also in higher pressure, such as in ICP plasma
(~2.6 Pa and 26 Pa), microwave micro-plasma (300 Pa), and
glide arc plasma (atmospheric pressure) [29, 62—-64]. Within
the above range, our method has an acceptable uncertainty
(Ayi n < 30%). But, it is worth noting that the loss of the
emitting states is governed by the quenching processes instead
of the radiation processes in higher pressure, especially the
atmospheric pressure. Hence, the actinometry equation needs
to consider the quenching processes. In addition, the noise-to-
signal ratio affects the uncertainty. As shown in figure 7(a),
the N(2p>(*P)3p ?D°) emission lines with wavelengths of
938.6 nm, 939.2 nm, and 946.1 nm, respectively, are weak
in the experiment. This is due to the low quantum efficiency
(QE < 0.2) of our detectors when the wavelength is larger than
900 nm, thereby causing a significant uncertainty. Therefore,
the performance of the spectrometer needs to be considered in
the measurement.

In summary, our method is suitable for plasma sources with
relatively high dissociative degree, corresponding to signific-
ant contributions of atomic excitation to populate the emitting
atomic states. Moreover, to decrease the experimental uncer-
tainty, one must consider the quantum efficiency of the detect-
ors in the desired wavelength range.
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Table 8. Total uncertainty Aff of the SRA method, including the uncertainties of the actinometric coefficient Ac, the excitation coefficient
A, the fractional actinometer in the gas (A¢), and the actinometric signal A(y; introduced in equations (10)—(13). Here, xi refers to the
excited states of atomic nitrogen (x = 1, 2, 3) corresponds to N(2p2(3P)3p 459y, N(2p2(3P)3p 2D°), and N(2p2(3P)3p 2p°), while yi refers to
the measured atoms (i = 1, 2, 3) corresponds to N(2p**S°), N(2p* 2D®), and N(2p> 2P°).

Condition Coefficient uncertainty Experimental uncertainty Total uncertainty
Q Pin AC Aa Ag Al(xl) A](xz) A[(ﬁ) Ayl n Ay2 n Ay3 n
0.2 2.1 14.1 18.9 2.95 31.1 \ 23.9 39.97 \ 34.88
2.8 13.4 18.4 4.21 17.2 \ 20.0 29.79 \ 31.83
3.5 14.7 194 5.17 18.2 \ 15.5 31.70 \ 30.58
7.0 19.2 20.2 8.07 6.70 26.4 6.98 30.61 40.12 30.99
9.0 20.0 20.8 9.14 5.73 35.1 6.40 31.61 47.11 32.06
0.3 2.1 11.6 18.3 2.09 19.2 53.0 21.1 30.05 57.99 31.60
2.8 13.9 18.3 4.83 18.2 52.0 14.8 30.64 57.72 29.07
3.5 134 18.0 6.38 6.89 33.1 6.96 25.30 41.28 25.59
7.0 15.0 19.2 9.20 3.54 18.4 3.73 27.18 32.84 27.43
9.0 16.4 20.3 9.78 3.12 17.1 2.87 28.89 33.64 29.09
0.5 2.1 13.5 18.5 4.40 9.31 343 9.61 26.07 42.23 26.40
2.8 14.5 19.3 5.41 5.93 23.3 5.83 26.35 34.83 26.49
3.5 154 19.9 6.22 4.87 23.8 4.81 27.25 36.01 27.40
7.0 16.8 21.1 8.91 2.19 14.8 2.67 29.31 32.93 29.50
9.0 16.4 20.7 9.90 1.92 12.1 2.03 29.10 31.63 29.26

6. Conclusions

In the present work, we have proposed a novel SRA method
to measure the densities of N(2p? 4S°), N(2p® 2D°), and
N(2p® %P°) in a nitrogen-containing krypton ECR plasma,
based on the kinetic investigation of the ground state and intra-
shell excited states. The measured densities were compared
with those calculated by the dissociation model, and they are
generally found to be in good agreement. Furthermore, we
presented a Kr line-ratio method to determine the electron
density and temperature, based on the kinetics of the Kr(5p)
states. The measured electron density and temperature were
verified with the saturation effect of the ECR plasma and the
ionization model, respectively. A novel concept, the ‘excited-
state system’, was introduced to help finding particular states
that are sensitive to the measured parameters, based on an ana-
lysis of general quantum number propensity/selection rules.
Hence, it is possible to extend our method to measure other
particles’ densities using the concept for guidance. The uncer-
tainty and the applicability range of our method were also
discussed to consider the validity of our method. We plan
to employ the SRA method presented here to other number-
density measurements in future work.
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Appendix

This appendix lists the reaction sets for the nitrogen plasma
(table Al in appendix A) and the krypton plasma (tables B1
and B2 in appendix B) considered in the CR model, as well
as the equations considered in the ionization balance model
(table C1 in appendix C) and the two-dimensional distribution
of the plasma parameters (table D1 in appendix D).

Appendix A. Reaction set for the nitrogen plasma

Appendix A includes the complete nitrogen plasma reaction
set used in our CR model. The rate coefficients for these reac-
tion sets can be found in the supplementary material.
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Table A1. Reaction set for the nitrogen plasma, involving the atomic states considered in table 2 and the nitrogen molecular and atomic ions.

Reactions References
Electron-impact ionization processes
A e+N»—e+ NS [50, 51]
A, e + N(*s°,2D°, ?P°) s e + NT [40]

Electron-impact dissociation and dissociation-excitation processes

As e+ N, — e + N(*S°) + N(*s°, 2D°, 2p°) [40]

Ay e + Ny — e + N(*S°) + N(3sx) [65]

As e + Ny — e + N(*S°) + N(3px) [65]
Electron-impact atomic excitation processes

Ag e + N(*S°) & e + N(°D°, 2P°) [40]

A7 e + ND°) + e + N(*P°) [40]

Ag e + N(*S°) < e + N(3sx) [40]

Ao e + N(D°) > e + N(3sx) [40]
Ano e + NCP°) < e + N(3sx) [40]
Al e + N(3sy) <> ¢ + N(3sx) [40]
A e+ N(*S°) <> e + N(3px) [40]
A e + N(’D°) < e + N(3px) [40]
Al e + NC*P°) > e + N(3px) [40]
Ajs e + N(3py) <+ e + N(3px) [40]
Diffusion processes

A N(*S°) = 172N, [42-44]
Anr N(D°, 2P°) — N(*S°) [43, 45]
Asg N(3si) — N(*s°) [43, 45]
Arg N@pi) = N(*S°) [43, 45]
Axg N+ — N

Aoy Nt = N(*s°)

Radiation processes

A N (35 “P) = N (*S°) + hv [41]
Ass N (3s 2P) = N (*D°) + hv [41]
Aoa N (3s 2P) = N (*°P°) + hv [41]
Ass N 2p**P) = N (*S°) + hv [41]
Ao N@3p?28°) =+ N@Bs?P)+ hy [41]
Aa N @p*D°) = N (3s*P)+ hv [41]
Aos N@Gp*S®) > N@Bs*P) + hy [41]
Aso N 3p *P°) — N (3s *P) + hv [41]
Aso N (3p 2P°) — N (35 2P) + hv [41]
Az N (3p*D°) — N (3s *P) + hv [41]
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Appendix B. Reaction set for the krypton plasma

Tables B1 and B2 list the states and reaction sets used in our krypton plasma CR model. The rate coefficients of these reaction

sets can be found in the supplementary material.

Table B1. Kr states in the present CR model.

State Term J E (eV) Symbol
1 4s24p° 's 0 0 Kr(gs)
2 452 4p° (*P°310)5s 2[3/21° 2 9.915 Kr(1ss)
3 452 4p° CP°31)5s 2[3/21° 1 10.032 Kr(1s4)
4 4524p3(*P°31)5s 21/21° 0 10.562 Kr(1s3)
5 4524p° CP°3)5s 2[1/21° 1 10.644 Kr(1sz)
6 452 4p° CP°3)5p 2[1/2] 1 11.303 Kr(2p10)
7 452 4p° PP°3)5p 2[5/2] 3 11.443 Kr(2po)
8 452 4p° PP°3)5p 2[5/2] 2 11.444 Kr(2ps)
9 452 4p° (*P°3p0)5p 213/2] 1 11.526 Kr(2p7)
10 4524p° CP°3)5p 2[3/2] 2 11.546 Kr(2ps)
11 4524p° CP°3)5p 2[1/2] 0 11.666 Kr(2ps)
12 452 4p° CP° 12)5p 213/2] 1 12.100 Kr(2p4)
13 4524p3(*P°1)5p 2[1/2] 1 12.125 Kr(2p3)
14 4524p3(*P°10)5p 2[3/2] 2 12.140 Kr(2p2)
15 4524p3 (*P° 12)5p 2172 0 12.256 Kr(2p))




Plasma Sources Sci. Technol. 33 (2024) 055006

X-M Zhu et al

Table B2. The reaction set for the nitrogen plasma, involving the atomic states considered in table B2 and the nitrogen molecular and

atomic ions.

Reactions References
Electron-impact ionization processes
B, e + Kr(gs) — e + Krt [66]
Electron-impact atomic excitation processes
B, e + Kr(gs) +> e + Kr(1sx) [46, 47]
B; e + Kr(1sy) <> e + Kr(1sx) [47]
B4 e + Kr(gs) <> e + Kr(2px) [47]
Bs e + Kr(1sy) «» e + Kr(2px) [47]
Bs e + Kr(2px) <+ € + Kr(2py) [47]
Diffusion processes
B Kr(1sx) — Kr(gs) [48]
Bg Kr(2px) — Kr(gs) [48]
Bo Kr™ — Kr(gs)
Radiation processes
Bio Kr(1s4) — Kr(gs) + hv [41]
B Kr(1s2) — Kr(gs) + hv [41]
B2 Kr(2p10) — Kr(lss) + hv [41]
B3 Kr(2pi0) — Kr(1s4) + hv [41]
Bia Kr(2pi0) — Kr(Is3) + hv [41]
Bis Kr(2pi0) — Kr(1s2) + Av [41]
Bis Kr(2py) — Kr(Iss) + hv [41]
Bi7 Kr(2pg) — Kr(Iss) + hv [41]
Bis Kr(2ps) — Kr(1s4) + hv [41]
By Kr(2pg) — Kr(1sz) + hv [41]
Byo Kr(2p7) — Kr(1ss) + hv [41]
Bai Kr(2p7) — Kr(1s4) + hv [41]
Bo Kr(2p7) — Kr(Is3) + hv [41]
By Kr(2p7) — Kr(1s2) + hv [41]
By Kr(2ps) — Kr(1ss) + hv [41]
Bos Kr(2pe) — Kr(1s4) + hv [41]
B Kr(2ps) — Kr(1sz) + hv [41]
By Kr(2ps) — Kr(1s4) + hv [41]
Bos Kr(2ps) — Kr(1s2) + hv [41]
B Kr(2ps) — Kr(Iss) + hv [41]
Bjo Kr(2ps) — Kr(1s4) + hv [41]
B3 Kr(2ps) — Kr(1s3) + hv [41]
B3 Kr(2ps) — Kr(1s2) + hv [41]
B33 Kr(2p3) — Kr(Iss) + hv [41]
B3 Kr(2p3) — Kr(Is4) + hv [41]
Radiation processes
Bss Kr(2p3) — Kr(1s3) + hv [41]
Bsg Kr(2p3) — Kr(Is2) + hv [41]
B3y KI‘(ZPQ) — Kr(1ss) + hv [41]
B3y Kr(2p2) — Kr(1sg) + hv [41]
Bsg Kr(2p2) — Kr(1sz) + hv [41]
Bao Kr(2p1) — Kr(1s4) + hv [41]
By Kr(2p1) — Kr(1sy) + hv [41]
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Appendix C. lonization balance model

Table C1 lists the equations used in the ionization balance model.

Table C1. The ionization model used in this work.

Equation

Describe

Equation (C1) nN; UBAcff = NelIN, QimﬂrRzl

nn: : density of the N, ions

uBZ Born velocity

Aecfr: loss area of the ion

ne: electron density

nnz: density of Np

Qion: the rate coefficient of the N, ionization process

Aetr = 27 R*hy + 27 Rlhg
hr =0.80(4+ £)
hr = cos(Bz)

1/2 1/2
o=(ar) " o= ()

Equation (C2)

R: radius of the ECR source

[: axial length of the ECR source

h;: edge-to-center density ratio in the axial direction
hgr: edge-to-center density ratio in the radial direction
z: distance from the resonance region to the screen grid
Ai: mean free path of ion

viz: ionization frequency

vm: collision frequency

we: electron cycle frequency

0¥ (1)
ug (Te)

At _
nn, 7 R21

Equation (C3)

x: percent of Ny ions in plasma

Appendix D. Two-dimension distribution of the plasma parameters

Table D1 lists the assumed two-dimensional distribution of the electron density and temperature in our miniature 2 cm ECR

source.
Table D1. Distribution of the electron temperature and density in the ECR discharge chamber.
Equation Describe
Equation (D1)  p(r, Z)lz neo cos(m 52) [Jo(ﬁ (r—rp)) Zc: .tzvsgiamnfr;?;(;?rgrrlogss?tfythe electron density
+Jo(5m (r+r e0-
of 32 ( o)) Jo: Oth order Bessel function
4: length scale related to the diffusion process
Equation (D2) Te(r,2) = Teocos(m 52) [Jo( ﬁ (r—r)) ;e; .two-dimeniion profile of the electron density
Fo(~s (r 4 r0)) <0: constant electron temperature
() ro: radial position of the resonance
z0: axial position of the resonance
I: the axial length
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