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Abstract
We propose the application of helium line intensity ratio spectroscopy in a low-pressure
(0.3mTorr) xenon E×B discharge with an electron temperature of ∼2 eV and a density of
1010−1011 cm−3. We successfully identified the helium atom line emissions at 388.9, 447.1,
501.6, 504.8, and 706.5 nm with helium pressures of up to ∼20mTorr. The measured electron
temperature, density, and I−V characteristics of the discharge remained almost constant in all
helium pressures in the present experiment, indicating the suitability of the helium gas as a
diagnostic gas. The results of helium line intensity ratio spectroscopy using the line emissions at
388.9, 447.1, and 504.8 nm showed fair agreement with the Langmuir probe measurement.
Considering the trade-off relationship between the disturbance introduced by the helium gas and
the signal-to-noise ratio, we conclude that a helium pressure of approximately 4mTorr
(approximately 13 times the partial pressure of xenon) represents the optimal pressure range for
the application of the helium line emission intensity ratio method to this xenon plasma. It is
found that the use of the line emissions at 501.6 and 706.5 nm result in a significant disturbance
in the helium line intensity ratio method due to the radiation trapping effect.

Keywords: low temperature plasmas, plasma spectroscopy, E × B discharge, Hall thrusters,
helium line intensity ratio spectroscopy

1. Introduction

Helium line emission intensity ratio (LIR) spectroscopy has
been applied to determine electron temperatures and densities
in fusion and linear devices with background helium plasmas
[1–9]. The intensity ratio of emission lines emitted by helium
atoms in the plasma is a function of both electron temperat-
ure and electron density. Therefore, these parameters can be
determined by comparing the measured intensity ratio with a
value calculated on the basis of a specific population model of
excited levels. The selection of an appropriate model depends

∗
Author to whom any correspondence should be addressed.

on the dominant energy-transfer process. Corona model has
been used for measurement in low-density (<5× 1010 cm−3)
plasmas [2, 10, 11], where radiative energy transfer is domin-
ant. In contrast, local thermodynamic equilibrium, where col-
lisional energy transfer is dominant, is often assumed in high-
density plasmas (>1013 cm−3) [12]. Collisional radiative (CR)
models, which calculate population distributions by solving
rate equations that account for collisional and radiative trans-
itions, have often been used for plasmas of moderate density
(1010−1012 cm−3).

Partially magnetized plasmas in cross-field discharge
devices are used for a variety of applications, including elec-
tric propulsion and plasma processing [13, 14]. There are
unresolved mechanisms that cause a variety of turbulent
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fluctuations and structures [15, 16], and they are still being
investigated because they critically affect the performance of
those devices [17, 18]. Measurements of plasma paramet-
ers are vital for comprehending them and assessing device
performance, and spectroscopic methods stand as a prom-
ising approach for evaluating these parameters in a non-
invasive manner [19]. Among the various spectroscopy meth-
ods, such as laser-induced fluorescence [20–22], laser absorp-
tion spectroscopy [23], Thomson scattering [24–27], and so
on, optical emission spectroscopy is one of the simplest
methods.

Xenon is an often used working gas for these devices due
to its large ionization cross sections and the resultant high
efficiency [28–30]. In recent years, CR models for xenon
[31–36] have been developed, but it remains a challenging
issue to construct accurate xenon CR model codes mainly due
to their large number of energy levels. On the other hand, as
helium has a limited number of energy levels and those cross
sections have been precisely obtained, the accuracy of the CR
model generally exceeds that of other atoms or molecules.

In this paper, we propose the utilization of heliumLIR spec-
troscopy via the emission from helium admixedwithin a xenon
plasma as a diagnostic technique for determining the electron
temperature and density of xenon plasmas. To the best of our
knowledge, this is the first application of helium LIR spectro-
scopy in a helium-xenon mixed plasma. The applicability of
this method is evaluated by comparing the electron temper-
ature and density estimated by the helium LIR method with
those measured by a Langmuir probe.

2. Method

2.1. CR model

The population densities of the energy levels of helium atoms
can be calculated using a CR model [19]. According to the
CR model, the time derivative of the population density of the
energy level p in the ionization stage 0 (neutral) is expressed
by the rate equation taking into account the collisional trans-
ition of electrons, radiative transitions out of/into the level p,
collisional ionization to the ionization stage i, and three-body
/ dielectronic / radiation recombinations. In steady state, given
the ground-state densities of atoms n0(g) and singly-ionized
ions ni(g), the excited-level population n0(p) can be written
as

n0 (p) = C0 (p,Te,ne)n0 (g)+Ci (p,Te,ne)ni (g) , (1)

where Te and ne are the electron temperature and electron
density, and C0 and Ci represent the effective upward con-
tribution of the ground state (denoted by the subscript ‘0’)
and downward contribution of the ion (denoted by the sub-
script ‘i’), respectively. Since the first term is dominant in
ionizing plasmas [19], the photon emission coefficients ϵ are
derived as

ϵ(p→ q) = hνpqA(p→ q)n0 (p) (2)

Figure 1. Grotrian diagram of a helium atom for the relevant energy
levels. The number next to the arrow indicates the wavelength of the
transition in nanometers, and n is the principal quantum number.
The five emission lines used in this study (388.9, 447.1, 501.6,
504.8, and 706.5 nm) are highlighted by the colors.

= hνpqA(p→ q)C0 (p,Te,ne)n0 (g) , (3)

where h, νpq, and A(p→ q) are the Planck constant, the fre-
quency of a radiative transition from level p to level q, and
the spontaneous transition probability from p to q, respect-
ively. By taking the ratio of ϵ(p→ q) to another photon emis-
sion coefficient for a different transition, ϵ(p ′ → q ′), one can
obtain the line intensity ratio as a function of Te and ne,
f(Te,ne), as

ϵ(p→ q)
ϵ(p ′ → q ′)

=
hνpqA(p→ q)C0 (p,Te,ne)n0 (g)

hνp ′q ′A(p ′ → q ′)C0 (p ′,Te,ne)n0 (g)
(4)

≡ f(Te,ne) . (5)

By choosing another intensity ratio, another function of Te and
ne can be calculated. Once the two intensity ratios are obtained
from the measurements, Te and ne can be determined as solu-
tions to the simultaneous equations. In this study, we used the
CR model available in ADAS [37], where the corresponding
data set was pec96#he_pju#he0.dat, as done in [38, 39].
Helium LIR spectroscopy utilizes the difference in the sens-
itivity of the two functions in Te and ne. In other words, the
pair of line intensity ratio should be carefully selected, as it is
directly related to the measurement uncertainty of Te and ne
in this method. Since the CR model mentioned above assumes
an ionizing plasma, this method is applicable to plasmas with
Te > 1 eV and ne < 1014 cm−3; beyond this range, the effects
of recombination become non-negligible [40].

Previous studies indicated that the kinetic processes of the
metastable state atoms may have a significant influence on
the CR model under certain plasma conditions [41–43]. This
impact should be discussed, where the ADAS CR model does
not take these processes into account (equation (1)). Figure 1
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illustrates the Grotrian diagram detailing the relevant trans-
itions for helium in this study, where 21S and 23S are the
metastable states. Since the extinction time by electron impact
excitation/deexcitation increases significantly with decreasing
Te, metastable state atoms have a relatively long extinction
time in low-temperature plasmas [41]. A previous study indic-
ated that the extinction time ofmetastable state atoms becomes
non-negligible compared to the transport timescale of neut-
rals in the recombining regime, where Te is much lower than
1 eV [42]. Consequently, metastable state atoms traverse long
distances, modifying spatial density profiles. However, since
the plasma we study in this paper is typically in the ionizing
regime, considering the measured Te and ne as will be shown,
the transport effect of metastable state atoms can be considered
negligible, as demonstrated in [3, 44].

Ionization by collisions with metastable atoms in mixed
gases, known as Penning ionization, may also be important as
a kinetic effect of metastable atoms [41]. Given that the excit-
ation energy of helium atoms (>21 eV) exceeds the ioniza-
tion energy of xenon atoms (∼12.1 eV), collisions with meta-
stable helium can result in the ionization of xenon atoms.
We may note that Penning ionization reduces the lifetime of
metastable state helium atoms [45], which serves to mitigate
the above-mentioned modification of spatial plasma profiles
by their transport. The impact of this effect will be experi-
mentally evaluated in section 2.3. Heavy particle collisions,
including Penning ionization, can affect the excited popula-
tions. This is true for atmospheric low-temperature plasmas
but not for mTorr-discharge plasmas. Santos et al included
these reactions in their CR model for atmospheric pressure
plasma applications [46]. Still, they were negligible for mTorr-
discharge plasmas because of less presence ofmetastable com-
pared to atmospheric pressure plasmas.

2.2. Experimental setup

2.2.1. Penning discharge system. All experiments were
conducted in the E×B Penning system in the Princeton
Plasma Physics Laboratory [47–49]. Figure 2 illustrates the
schematic of the experimental setup. The Penning system,
approximately 26 cm in diameter and 50 cm in length, incor-
porates a radial electric field and an axial magnetic field that
induce electronE×B drift. Xenon gas was continuously intro-
duced into a radio frequency cathode, resulting in a cham-
ber pressure of 0.3mTorr, where Pcham was measured using
a Granville-Phillips, Series 375 Convectron Vacuum Gauge.
A discharge voltage Vd was then applied to the cathode with
respect to the ground, producing plasma. During the xenon dis-
charge, helium gas was added to the chamber with a pressure
Pcham of up to∼20mTorr. Here, we define the helium pressure
PHe as PHe = Pcham −PXe, where PXe was the chamber pres-
sure only with xenon gas, which was assumed to remain at
0.3mTorr. The discharge current Id and the discharge voltage
Vd were kept constant at 1.2A and 55V for all experiments
presented in this paper, respectively. An axial magnetic field
was formed by two water-cooled solenoids placed outside the

Figure 2. Schematic of the cross-sectional view of the Penning
system. It produces the radial electric field E and the axial magnetic
field B, inducing particle confinement due to E×B drift. ‘P’
indicates the vacuum gauge.

chamber, with a strength of ∼80G. The typical electron tem-
perature and density are 1–5 eV and ∼1010−1011 cm−3 for
xenon plasmas in this system [48, 49].

Emission from the plasma on the axis 3 cm away from the
glass flange was collected by three 7.5 cm diameter focus-
ing lenses (focal lengths are 2.5, 2.5, and 20 cm, respectively)
with an aperture and measured by an Ocean Insight HR2000+
spectrometer, which can obtain spectra in the wavelength
range of 380–810 nm at once with 14 bit A/D resolution.
Since the magnetic field is almost uniform, we assumed that
the plasma is uniform along the axial direction, which is
identical to the line-of-sight direction. It should be noted
that the axial uniformity of the plasma may be affected by
variations in neutral density distribution related to the pump
position [50] or non-uniformity induced by the electron beam
generated by the biased RF cathode [51]. The photon accu-
mulation time was set to 10 s to obtain sufficient intensit-
ies, which means that the present measurements are essen-
tially temporally averaged. The spectrometer was calibrated
using conventional calibration lamps both in wavelength and
intensity.

2.2.2. Langmuir probe. To evaluate the applicability of
helium LIR spectroscopy in the Penning xenon plasma, we
compare the results with those obtained using a Langmuir
probe. Measurements of the EEPFs were performed by the
VGPS Langmuir probe station described elsewhere [52]. The
detection tip of the probe was positioned at the same loca-
tion as the focal point in the emission spectroscopy meas-
urement, i.e. at a distance of 3 cm from the glass flange.
Figure 3(a) shows the measured EEPFs at PHe = 0.0, 10.0, and
20.0mTorr as representatives. As previously reported [47, 48],
the measured EEPFs exhibited bi-Maxwellian-like character-
istics, where we can define the temperatures (strictly, mean
energies) for the low- and high-energy ranges, Te,low–E and
Te,high–E, respectively.
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Figure 3. (a) Measured EEPFs at PHe = 0.0 (black), 10.0 (blue),
and 20.0 (red) mTorr. The electron temperatures of the high-energy
range (above ∼20 eV), Te,high–E, were deduced by linear fits of the
EEPFs (dotted lines). Measured (b) electron temperature Te (strictly,
Te,high–E) and (c) density ne determined by a Langmuir probe as a
function of PHe.

For comparison with the helium LIR method, the elec-
tron temperature in the high-energy range, Te,high–E, is essen-
tial. Since the lowest energy that can excite helium atoms is
approximately 22 eV, the emission of helium atoms does not
include information about Te,low–E, and electrons with kinetic
energy below ∼22 eV only quench via collisions with helium

and xenon atoms. In light of this reason, hereafter, we adopt
Te,high–E as the electron temperaturemeasured by the Langmuir
probe Te. The electron density ne can be obtained by the integ-
ral of an EEPF as

ne =
ˆ ∞

0
ε1/2e fp (εe)dεe, (6)

where εe and fp are the electron energy and the EEPF, respect-
ively. We take into account the standard deviations as the
uncertainties in Te and ne.

2.3. Disturbance by the helium gas to the xenon plasma

It is important to clarify the disturbance introduced by the
admixed helium gas to the xenon plasma. As mentioned in
section 2.2.1, no clear change in the I–V characteristics of
the discharge was detected under all experimental conditions.
Figures 3(b) and (c) show the dependence of Te and ne determ-
ined by the Langmuir probe on PHe. The measured Te and ne
were relatively constant with increasing PHe, clearly showing
the limited disturbance caused by the admixture of helium gas.
This is probably due to the high excitation energy of a helium
atom, where the bulk electrons collide with the helium atoms
elastically, i.e. without losing energy. The unchanged ne also
implies the limited effect of Penning ionization, possibly due
to the very small density of the metastable state helium atoms.
These characteristics of the helium gas manifest its suitability
as a ‘diagnostic gas’ for low-temperature xenon plasmas.

Figure 4 shows the measured spectra at PHe = 0.0, 5.2 and
19.7mTorr. All intensities of the Xe II lines detected in this
experiment decreased with PHe. This is probably attributed to
the depleted energetic tails of the EEPFs shown in figure 3(a).
This result also implies the limited impact of Penning ion-
ization. No helium ion emission was detected in the present
experiment, indicating that the plasma is primarily a xenon
plasma. The representative Xe II emissions as a function of
PHe is shown in figure 5. Here, I460.30, I529.22, I533.93, I537.24,
I541.92, and I547.26 are the measured Xe II line intensities at
λ= 460.30, 529.22, 533.93, 537.24, 541.92, and 547.26 nm,
respectively. Although several emissions (460.30, 537.24, and
547.26 nm) remained almost constant up to PHe ∼ 7mTorr, the
emission at 529.22 nm was found to be the most sensitive to
PHe, where the decrease exceeds 10% when PHe > 4.2mTorr.

There exists a trade-off between the disturbance and the
signal-to-noise ratio, as a high density of helium atoms will
lead to increased helium line intensities and a better signal-
to-noise ratio. Therefore, the appropriate helium pressure in
this method should be determined not only from the disturb-
ance but also from the signal-to-noise ratio in the helium LIR
measurement. Further discussion on the signal-to-noise ratio
in the helium LIR measurement will be presented in section 3.

3. Results

As shown in figure 4, the He I line emissions at 388.9
(23S–33P), 447.1 (23P–43D), 501.6 (21S–31P), and 706.5

4
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Figure 4. Measured spectra at PHe = 0.0 (black solid lines), 5.2 (green dashed lines), and 19.7 mTorr (red dotted lines) in the wavelength
range of (a) 387–444, (b) 444–501, (c) 501–558, (d) 558–615, (e) 615–672, and (f) 672–729 nm, respectively. The dashed vertical lines are
added at the wavelengths of the Xe I (black), Xe II (magenta), and helium atom lines (blue).

(23P–33S) nm were clearly identified without significant over-
lap with the xenon lines. Figure 6 show the fitted spectrum
at PHe = 5.2 mTorr around 388.9, 447.1, 501.6, 504.8, and
706.5 nm. Careful identification of the He I line at 504.8 nm
was necessary by this synthetic analysis due to the partial over-
lap with a xenon II line at 504.5 nm (5p4(1D2)6p–5p4(1D2)6s).
All fitted Gaussians exhibited an approximate constant value
of ∼0.42 nm full width at half maximum.

Figures 7(a) and (b) show the measured He I intensities and
the normalized intensity by the intensity at PHe = 0.2mTorr as
a function of PHe, respectively. The line intensities at 388.9,
447.1, 504.8, and 706.5 nm peak at PHe ∼ 11mTorr. The trend
of the line intensity at 501.6 nm is different compared to those
lines, where its peak was around PHe ∼ 12mTorr. Figure 7(c)
shows the variation in intensity ratios as a function of PHe. The
intensity ratios calculated with the intensities at 388.9, 447.1,

5
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Figure 5. Measured Xe II intensities as a function of PHe. They are normalized by the intensities at PHe = 0.0mTorr. The error bars are
derived from the 68% confidence intervals of the Gaussian fit to the spectrum and the propagation of uncertainty.

Figure 6. Measured spectra around the (a) 388.9, (b) 447.1, (c) 501.6, (d) 504.8, and (e) 706.5 nm He I lines. The markers show the
measured values with the standard errors indicated by the error bars. The blue lines show the fitted Gaussians for the He I lines. The black
lines show the fitted Gaussians for the Xe I, Xe II, or Xe III lines. The red line shows the sum of the fitted lines. The shaded regions indicate
the 68% confidence intervals.

504.8, and 706.5 nm (I338.9, I447.1, I504.8, I706.5) were almost
constant within the uncertainty of the measurement. However,
the behavior of the intensity ratios was notably dissimilar
when using the intensity at 501.6 nm (I501.6), which exhib-
ited significant variations in the low-pressure region (PHe <
5mTorr). For subsequent analysis with the CR model, we
primarily employed the three line intensity ratios: I388.9/I504.8,
I447.1/I504.8, and I388.9/I447.1. The reason for this selection will
be discussed in section 4.

Figures 8(a) and (b) depict the measured intensity ratios
plotted in the LIR contour maps calculated by the ADAS CR
model. In this region such that Te < 3eV and ne < 1011 cm−3,

the calculated intensity ratio I338.9/I447.1 was highly sensitive
to Te, while remaining largely unchanged with respect to ne.
As a result, Te was determined primarily by I338.9/I447.1, and
ne was determined by I338.9/I504.8 (figure 8(a)) or I447.1/I504.8
(figure 8(b)). As can be seen, it was found that even when we
use different combinations of LIR (figures 8(a) and (b)), sim-
ilar values of Te and ne were obtained.

Figures 9(a) and (b) show the measured Te and ne obtained
using the helium LIR method and the Langmuir probe. Again,
the results obtained from the different combinations of intens-
ity ratios were found to be in good agreement and consistent
with those obtained via the Langmuir probe. Themeasurement
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Figure 7. (a) Measured He I intensities as a function of PHe on a logarithmic scale. (b) Normalized He I intensities. They are normalized by
those at PHe = 0.2mTorr. (c) Intensity ratios as a function of PHe. The shaded regions indicate the measurement uncertainties.

Figure 8. Line intensity ratio contours of (a) I388.9/I504.8 and I388.9/I447.1 and (b) I447.1/I504.8 and I388.9/I447.1 calculated by the ADAS CR
model. The markers are placed at the intersections of the contour lines whose values correspond to the measured ones, where their colors
indicate PHe. The error bars are omitted for clarity.
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Figure 9. Comparison of the (a) electron temperature Te and (b)
density ne determined by the helium LIR method and by a Langmuir
probe. The shaded regions indicate the measurement uncertainties.
The helium LIR method using two LIR combinations (red and blue
profiles) showed good agreement with the Langmuir probe
measurement results (markers).

uncertainties associated with the helium LIR method for ne
are relatively large (±55%) compared to those for Te (±12%).
This is due to the low sensitivity of the density-determining
intensity ratios (I338.9/I504.8 and I447.1/I504.8) compared to
the temperature-determining intensity ratio (I338.9/I447.1). The
magnitude of the uncertainties also varied with PHe. Since
the excitation energy of helium significantly exceeds the ion-
ization energy of xenon, the density of the excited helium
atom is usually quite low, resulting in poor signal-to-noise
ratios for helium emission lines at very low helium pressures.
Consequently, the uncertainties in both Te and ne are partic-
ularly large below ∼3mTorr, where they converge to a prac-
tical level at PHe ∼ 4mTorr or higher. However, as described
in section 2.3, the changes in the intensity ratios of the Xe
II lines became noticeable with PHe > 4.2mTorr. Hence, we
conclude that a helium pressure of ∼4mTorr (approxim-
ately 13 times the partial pressure of xenon) represents the
optimal pressure range for the application of the helium LIR
method to ionizing xenon plasmas with Te ∼ 2 eV and ne ∼
1010–1011 cm−3. We may note that the magnitude of these
uncertainties is comparable to that of typical Langmuir probe
measurements [53].

4. Discussion

In this section, we will discuss the reasons why we could
not use the line emissions at 501.6 and 706.5 nm in helium
LIR measurements. When we used the visible line emis-
sion at 501.6 nm, anomalously high densities were obtained
(>1012 cm−3) (not shown). This result suggests that the use
of the 501.6 nm line significantly disturbs the measurement of
helium LIR under this experimental condition. This is likely
due to the phenomenon called radiation trapping, in which
background ground-state atoms are photoexcited by reabsorp-
tion of the emission from the plasma itself [41]. Since the
resonance transitions 11S–n1P, including the 53.7 nm trans-
ition (11S–31P), are optically connected to the ground level
(figure 1), the reabsorption effect on these lines is significant
in weakly ionized plasmas [44, 54–56]. As a result of reab-
sorption on the 53.7 nm transition, the population of the upper
level (31P) increases, some of which transitions to 21P while
emitting light at 501.6 nm [44].

The magnitude of radiation trapping is generally represen-
ted by the optical depth τ [19]. τ is defined as the spatial integ-
ration of the absorption coefficient κ and depends on λ as κ
is related to Einstein’s B coefficient. In practice, the optical
escape factor (OEF) Λ(τ) has been used to take into account
the radiation trapping effect in the CR model, by replacing the
spontaneous transition probability A with the ‘effective’ one
as ΛA [19]. Note that the OEF does not depend on how we
observe the plasma but on the degree of excitation of atoms by
the light from the surrounding plasma, and thus, the plasma
profile [57–62]. A value of Λ = 1 indicates that the plasma is
completely opaque for the line.

In a cylindrical plasma, the OEF for the line whose lower
state is the ground state atom is defined as [41]

Λ(τ)∼
1.92− 1.3/

[
1+ τ 6/5

]
(τ + 0.62) [π ln(1.357+ τ)]

1/2
, (7)

where

τ = κROEF (8)

= 1.165 46× 10−8f(λ)λ

√
AM

Tp
n0ROEF. (9)

Here, f, AM, n0, and ROEF are the oscillator strength, mass
number (4 for helium), density of the ground state atom, and
radius of the spatial distribution of the excited atom (so-called
the OEF radius), respectively [41]. Figure 10(a) shows the
calculated optical depth for the resonance line at 53.7 nm,
τ 53.7, as a function of PHe. As is seen, almost all experiments
were performed in an optically thick regime for the 53.7 nm
line (τ53.7 ≫ 1). This violates the assumptions of ordinary
CR models, including the ADAS CR model, where τ ≪ 1 is
assumed for all transitions, i.e. negligible radiation trapping
effects. It should be noted that, although the uncertainty of
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Figure 10. (a) Calculated optical depth of the resonance line at
53.7 nm (31P–11S) with several OEF radius ROEF as a function of
PHe. The helium gas temperature was assumed to be 300K. (b)
Calculated OEF for the 53.7 nm line with several ROEF as functions
of PHe. The dashed line indicates Λ = 1, which corresponds to the
plasma being completely opaque to this line.

τ arises primarily from ROEF, accurate determination of ROEF

remains a challenging issue. Therefore, we calculated τ 53.7 for
several ROEF from 1 cm (smaller than the plasma radius) to
10 cm (approximately the chamber radius) here. Figure 10(b)
shows the calculated OEF for the line at 53.7 nm, Λ53.7. The
values of Λ53.7 show that the effective spontaneous transition
probability for this line will be altered up to 10−3 times.
The distinct behavior of the 501.6 nm line and the anomal-
ous intensity ratios with the 501.6 nm line (figure 7) indic-
ate the significant contribution of the radiation trapping of
the 11S–31P transition. This result is consistent with previous
studies that demonstrated that the intensity of the triplet line is
less sensitive to radiation trapping than that of the singlet line
[55].

The 706.5 nm triplet line was also easily identified
(figure 7). This line had high intensity and little overlap with
the xenon line, and it is unlikely to be affected much by radi-
ation trapping since it does not share any states with the res-
onance line optically connected to the ground state. Therefore,
this line would seemingly appear suitable for heliumLIR spec-
troscopy in xenon plasmas. However, the line intensity ratios
using this line did not give a solution; that is, we were unable
to plot the measured line ratios with this line on the calcu-
lated intensity ratio contour map (figure 8). A previous study

has reported the anomalous behavior of the 706.5 nm line in a
H2–He mixed plasma and concluded that using this line per-
turbs the helium LIR method [43]. Thus, it is possible that
the behavior of the 706.5 nm line is not accurately simulated
in the ADAS CR model, where the underlying physics that
causes those deviations in the CR models remains unresolved
at present.

As mentioned above, the line emissions at 501.6 and
706.5 nm were found to disturb the helium LIR measure-
ment employing the ADAS CR model; however, since these
emissions are strong and do not overlap with the xenon lines,
these features may be useful for real-time (or time-resolved)
measurements that do not require any technical fitting ana-
lysis. Developing a CRmodel that incorporates these lines and
can be employed for helium-xenon mixed plasmas is a critical
future challenge.

5. Conclusion

We proposed the application of helium LIR spectroscopy
by mixing helium gas with a xenon E×B discharge at
an electron temperature of ∼2 eV and an electron density
of 1010–1011 cm−3. The measured electron temperature and
density were almost constant with the helium pressure, which
shows the limited disturbance caused by the introduction of
helium gas. This result suggests that the bulk electrons col-
lide elastically with the helium atoms without losing energy,
clearly suggesting the suitability of the helium gas as a ‘dia-
gnostic gas’ in low-temperature xenon plasmas.

We successfully identified the helium atom line emissions
at 388.9, 447.1, 501.6, 504.8, and 706.5 nm in a wide range
of helium pressures. As a result of the analysis of the intens-
ity ratios according to the ADAS CR model, the combinations
of 388.9, 447.1, and 504.8 nm lines showed very good agree-
ment with the Langmuir probe, suggesting the applicability of
the helium LIR method in a xenon plasma. Since the ADAS
CR model we used assumes an ionizing plasma, this method
is applicable to plasmas with Te > 1 eV and ne < 1014 cm−3

[40]. Considering the trade-off relationship between the dis-
turbance introduced by the helium gas and the signal-to-noise
ratio, we conclude that a helium pressure of approximately 4
mTorr (approximately 13 times the partial pressure of xenon)
represents the optimal pressure range for the application of the
helium LIR method to this xenon plasma.

Regardless of their strong emission without serious over-
lap with xenon lines, the use of the 501.6 and 706.5 nm lines
resulted in a significant disturbance to the helium LIR meas-
urement in the xenon plasma. It is indicated that the radiation
trapping effect must be considered to use the 501.6 nm line,
as suggested by the previous results [54]. Although the under-
lying physics is not identified, it was shown that the 706.5 nm
line disturbs the helium LIR measurement, as indicated in pre-
vious studies. Developing a CR model that incorporates these
lines and can be employed for helium-xenon mixed plasmas is
a critical future challenge.
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