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Abstract

In helium discharge plasmas, the relative emission intensities of the fine-structure tran-
sitions belonging to the Hel 23S—23P transition can be affected by radiation reabsorption.
Since the magnitude of the reabsorption depends on the density and temperature of the 23S
metastable atoms, their density can be determined by measuring the 23S—23P emission line
shape using a high wavelength-resolution spectrometer. In this study, the applicable condi-
tions of the method in terms of the opacity and line broadening are revealed, and possible
causes of errors in the measurement, i.e., spatial distributions of the density and temper-
ature and the effects of external magnetic and electric fields, are investigated. The effect
of reabsorption under an external magnetic field is experimentally confirmed using a glow
discharge plasma installed in a superconducting magnet.

I Introduction

Helium 2'S and 23S metastable atoms play key roles in discharge plasmas because of their
relatively long radiative lifetimes of ~2 x 1072 [1] and 8 x 10? s [2] and large excitation energies
of 20.6 and 19.8 eV [2], respectively. In the sustainment and control of discharge plasmas,
they are known to affect the plasma parameters through the Penning ionization and secondary
electron emission under both low-pressure [3-6] and atmospheric-pressure [7-11] conditions.
Their importance has also been recognized in their applications to atom lithography [12,13],
ambient desorption ionization [14], and the removal of hydrocarbon contamination in EUV
lithography apparatus [15], in which the local deposition of the excitation energy on the surface
is utilized. Moreover, their densities are essential for some types of plasma diagnostics, such as
collisional-radiative (CR) model analysis in terms of the validity of the quasi-steady-state (QSS)
approximation [16-19] and measurements of the reduced electric field in an electric double
layer [20] and alpha particles in fusion-related plasmas [21].

To clarify the roles that the metastable atoms play in these plasmas and to control the re-
lated engineering processes, it is necessary to evaluate their densities. As a diagnostic method for
the 23S atom density, self-absorption spectroscopy was adopted for a long time [22-25]. In this
method, emission emanating from a plasma is reflected back into the plasma and the consequent
absorption is observed. Once lasers became readily available, laser-induced fluorescence spec-
troscopy and tunable diode laser absorption spectroscopy (TDLAS) became the standard diag-
nostics, and these methods have been successfully implemented in both low-pressure [3,5,21,26]
and atmospheric-pressure discharge plasmas [8-11,27,28].



We present an alternative method using optical emission spectroscopy, in which the spec-
tral line shape of the 23S—23P transition, in particular, the variation of the relative emission
intensities among the fine-structure transitions caused by radiation reabsorption, is measured.
This transition is known to be sensitive to radiation reabsorption because of the relatively large
absorption oscillator strength and larger density in the 23S state than in the other excited states.
Compared with the laser-based methods, this method has the advantages of a compact experi-
mental setup and applicability to plasmas in which the transmission measurement of laser light
is difficult, for instance, those formed in commercial devices or in the divertor region of fusion-
related plasmas. To the best of our knowledge, the method was originally proposed by Daviaud
et al. [29], who evaluated the 23S atom density in a surface wave discharge plasma. We have
recently developed a high wavelength-resolution spectrometer optimized for the observation of
the 23S—23P transition spectral line shape [30], and we applied the method to two types of glow
discharge plasmas with different spatial distributions of the 23S atom density [31]. In the present
paper, we reveal the applicable conditions of the method in detail and also investigate the ef-
fects of external magnetic and electric fields. The latter is especially important to improve the
accuracy of density estimation, since it can significantly affect radiation reabsorption through
the wavelength splitting of the spectral line, variations in the emissivity and absorption, and the
necessity of taking polarization into account.

IT Methods

The Hel 23S—23P transition consists of three fine-structure transitions as listed in Table 1. A
spectral line shape calculated in a case without absorption and with the Doppler broadening
at a temperature of 1000 K is shown in the inset of Fig. 1; the vertical lines represent the
wavelengths and relative emission intensities of the fine-structure transitions. They have a
unique lower state and an identical spontaneous emission coefficient, while the magnitudes of
their absorption oscillator strengths are proportional to the statistical weight of the upper state.

We analyze the radiation reabsorption of the Hel 23S—23P emission by using the radiative
transfer equation for the individual fine-structure transitions. The equation is expressed by
neglecting stimulated emission as

dl,(s, Av)
qu - _;ﬁij(S’AV)qu(SaAV) + €qp(s, Av), (1)

where Iy, (s, Av) is the emission intensity, p and ¢ respectively represent the lower and upper
J-levels with J the total angular momentum quantum number, s is the coordinate along the
viewing chord, Av is the frequency shift from a given line center, kp,(s, Av) is the absorption co-
efficient, €4 (s, Av) is the spectral emissivity, and the summation is taken over all the transitions.
Kpq(s, Av) and €gp(s, Av) are defined as

2
e

Kpe(s, Av) = mnpap(s)ququ(s,Ay), (2)
hv,

€gp(s, Av) = ﬁnqaq(s)quPqp(s,Au), (3)
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where e is the elementary charge, m, is the electron mass, c is the velocity of light, ¢y is the
vacuum permittivity, n,q) is the population density at the plasma center, ap(q)(s) is a function
describing the spatial distribution of the population density, f,, is the absorption oscillator
strength, P,q(qp) (s, Av) is the absorption (emission) line profile, v, is the transition frequency,
and Ay, is the spontaneous emission coefficient. For the emission and absorption, we assume
complete frequency redistribution.



If we assume a one-dimensional plasma with length L, the emission intensity outside the
plasma is readily obtained as

L L
qu(Ay):/ €qp(s, Av) exp —/ E kij(s', Av)ds' | ds. (4)
0 s
Z7j

In particular, when the plasma is homogeneous, I,,(Av) can be written as

eqp(AV)

Tl &) = i ki (Av)

1—exp|— Z Kij(Av)L| 5. (5)

The solid line in Fig. 1 shows the calculated ratio of the emission intensities [[I1(Av) +
I (Av)|d(Av)/ [ Ip1 (Av)d(Av) in a homogeneous plasma when Py, (s, Av) and Py,(s, Av) un-
dergo the Doppler broadening at a temperature of 1000 K. We henceforth denote the spatial
distributions of the upper and lower state densities under this condition, i.e., ap(s) = aq(s) =
1, as case (i). The abscissa of the figure is a variable, which is a measure of the opacity for the
235, —23P transition and is defined using the subscripts p and g as

2 M f,
_ Av=0)L = v
Tpq /ipq(50> v ) 4me60 QWkBTp(SO) qunp ’

(6)

where sg denotes the position at the plasma center, M is the atomic mass, kg is Boltzmann’s
constant, and 7}, is the lower state temperature. Note that 7,, is equivalent to the optical depth
only when ay(s) and Tp(s) are constants. In Eq. (6), fi2 and fi; are related to fio as fi2 =
5f10 and fi11 = 3 f10, so that if we neglect slight differences in v,,, the equations 712 = 5719 and
711 = 3710 hold. In the optically thin case (719 < 1), the emission intensity ratio approaches
[le21(Av) + €11 (Av)|d(Av)/ [ €01 (Av)d(Av), which becomes 8 when the upper and lower state
population densities follow the statistical weight. On the other hand, in the optically thick case
(710 > 1), the ratio approaches [[Sa1(Av) + S11(Av)|d(Av)/ [ Soi1(Av)d(Av), where we define
the source function as Sgp(Av) = €gp(Av)/ >, i kij(Av). In the intermediate opacity case, the
intensity ratio decreases with increasing 719, and utilizing this dependence, we can in principle
determine ng, the 23S atom density. Under the above assumptions, the intermediate opacity
range is approximately 1072 < 719 < 10, which is equivalent to a 23S atom density of about
1016-10' m™3 when L = 10 mm.

The following two conditions are required for the application of this method: (i) the absorp-
tion is in the intermediate opacity range and (ii) the spectral line broadening is sufficiently small
to observe the relative intensities among the fine-structure transitions. For the first requirement,
the range of the previously reported 23S atom densities in various low- and atmospheric-pressure
discharge plasmas considerably overlap with that of the above-mentioned detectable density.
The second requirement imposes limitations on the electron density and helium atom temper-
ature and pressure through the Stark, Doppler, and pressure broadening, respectively. The
Stark broadening coefficient has been calculated to be 1.56 x 102! pm/m~=2 for an electron
temperature of 4 x 10* K [32,33], where the effect of ion impact is not taken into account,
while the pressure broadening coefficient has been measured to be 5.44 x 10~* pm/Pa for an
atmospheric-pressure plasma by TDLAS [27]. If we consider either of the three types of broaden-
ing, broadening with a full width at half maximum (FWHM) of 120 pm, which is the difference
between the wavelengths of the large and small peaks in the inset of Fig. 1, corresponds to an
electron density of 7.7 x 10?2 m~3, a helium atom temperature of 8.3 eV, and a helium atom
pressure of 220 kPa. The coexistence of these different types of broadening in the actual plasma
restricts these numbers to smaller values.



A Effects of spatial distributions

Since the emission intensity ratio depends on the spatial distributions of ay(g)(s) and Ppg(gp) (S),
appropriate assumptions for these functions will be crucial for the accurate measurement of the
23S atom density. Here we evaluate possible errors in the estimated 719 caused by variations in
the spatial distributions of a4)(s) and P,q(gp)(s) when the emission and absorption line profiles
are identical and have only the Doppler broadening.

The ratios are calculated in two additional cases with a spatially uniform temperature of
1000 K: (i) ap(s) = ag(s) = JoGiorls — L/2/(L/2)), (iii) ap(s) = 1 and ag(s) = Joljorls —
L/2|/(L/2)), where Jy and jo; ~ 2.405 denote the zeroth-order Bessel function and its first zero
point, respectively. The calculated ratios are shown in Fig. 1 as dashed and dot-dashed lines. In
case (ii), the absorption of the emission is smaller than that in case (i), and the curve is scalable
to that in case (i) by dividing 719 by 1.6. On the other hand, in case (iii), the contribution of the
emission from the edge region (near s = 0 and L), which has relatively small absorption, is less
significant than in case (i); thus, the absorption appears to increase. The curve is approximately
scalable to that in case (i) by multiplying 7109 by 1.4 when 79 < ~1, but the deviation becomes
significantly larger for larger 7.

In these calculations, oy, (s) represented by unity and the Bessel function correspond to
conditions in which the mean free path of the excited atoms is on the same order or larger
than L and is sufficiently smaller than L, respectively. The actual a4 (s) is among the above-
mentioned three cases, but the error in 779 due to an inappropriate assumption for ap(q)(s) is
less than about a factor of 2 when 79 < ~1.

In the application of this method, we can deduce the atomic temperature from the observed
Doppler broadening in the spectral line shape. The nonuniform spatial distribution of the
temperature will, however, increase the error in 7 estimated under the assumption of a uniform
temperature. To evaluate possible errors, we calculated the intensity ratio assuming a quadratic
temperature distribution:

T(s) = 1000 — 700[(s — L/2)/(L/2)]>. (7)

For all three cases, the variations in the estimated 719 are less than 10% from the uniform-
temperature cases when the intensity ratio is within 2—7.

B Effects of external magnetic and electric fields

Under static external magnetic and electric fields, the emission and absorption are affected by
the Zeeman and Stark effects. Since these effects can change the spectral line shape and thereby
the magnitude of the absorption, we investigate in detail their contributions to radiation re-
absorption. We calculate the effects by using a perturbation theory for degenerate levels [34].
The effects are approximately treated as first-order perturbations to the unperturbed energy
levels taken from a database [2]. In addition to the perturbed energy levels, the magnitude of
the square of the transition matrix element Sy, = >, [(Uy|ri|¥,)|? is evaluated, where W,
represents the wavefunction resolved into the magnetic sublevels, r; is the spherical tensor com-
ponent of the electric dipole moment, and we redefine p and ¢ to denote the lower and upper
levels divided into the magnetic sublevels, respectively. The line strength without the external
fields, which is required to determine the absolute value of &, is taken from a database [2].
The spontaneous emission coefficient and absorption oscillator strength are defined [35] as

3,3 .2
B 167 Vyp€

Agp = 3eohc® qp» (8)
8T2me,
qu = 3h qpeqp- (9)
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We first consider the effect of a magnetic field, and for simplicity assume that the observation
direction is perpendicular to the field direction. Then the lights emitted or absorbed through
the 7 (AM = 0) and 0 (AM = +1) transitions are mutually orthogonal and linearly polarized,
where AM is the variation of the magnetic quantum number, and thus the 7 and o transitions
do not absorb light associated with mutual transitions. Under these conditions, the radiative
transfer equation (1) can be written for the 7 and o transitions as

1
=Cyp |— Z/ﬂj(s, Av)Ip(s, Av) + €gp(s, Av) | with Cyp = {1 (ﬂ; . (10)
ij 7 \0

dlyp(s, Av)
ds

where the summation is taken over all m or ¢ transitions. The calculation can be extended to
the case with an arbitrary field direction by using the vector radiative transfer equation [36,37].
The present case corresponds to v = 7/2 and y = 0, where v and y are the angles giving the
direction of the magnetic field defined in Fig. 1 of Ref. [36].

In the calculation, we assume a one-dimensional homogeneous plasma in which the atomic
temperature is 1000 K. Figure 2(a) shows the calculated spectral line shapes with and without
absorption at field strengths of 0, 0.3, 0.8, and 3 T, where the ordinate shows the relative emission
intensity. Note that the continuous variation of the transition wavelengths and their relative
intensities without absorption are shown in Fig. 3(a), and the numerical values of the wavelength
and &,, are tabulated in Tabs. Al and A2. Figure 2(b) shows the calculated variation of the
total emission intensity I = [ I4p(Av)d(Av) with the magnetic field strength when 719 =
0.5; in the figure, the total intensity without the absorption is normalized to unity. On applying
an external magnetic field, the splitting of the transition wavelength reduces the superposition
of the absorption line profiles, and thus the magnitude of the absorption as can be seen in the
change in the spectral line shape from (i) to (ii) in Fig. 2(a). Then, when the field strength is
increased to about 0.6—1.0 T, the o-components belonging to the 23S;—23Py and 2381—23P172
transitions become superposed as can be seen in (iii), and the absorption locally increases. With
a further increase in the field strength, the Zeeman effect reaches the so-called Paschen-Back
limit, and the superposition of the absorption line profiles gradually increases; see also Fig. 3(a).
The spectral line shape in this phase is shown in (iv) in Fig. 2(a). From these calculation results,
we can see that the presence of the magnetic field reduces the absorption to about 60%, although
the extent of the reduction depends on the emission and absorption line profiles as well as the
field strength.

Under the external magnetic field, the two peaks in the spectrum, which were used for the
analysis in the previous subsection, are no longer observable. We therefore evaluate 71y on the
basis of the relative intensities of all the transitions among the magnetic sublevels, namely, by
considering the deformation of the entire spectral line shape by the absorption. To confirm the
applicability of this procedure, the derivative |(1/Iy)dI/d(log;y T10)| is calculated as a measure
of the deformation, where I is the total emission intensity without the absorption. It can be
seen from the calculation results shown in Fig. 4 that even under an external magnetic field, the
magnitude of the deformation is similar to that in the case without the field. The applicable
opacity range in terms of the 23S atom density becomes about 1.7 times larger than that in the
cases of 0.3 and 3 T owing to the decrease in the absorption.

Compared with the magnetic field effect, the electric field effect is significantly smaller.
Figure 3(b) shows the wavelength shifts plotted against the field strength. When the field
strength is smaller than 1 x 107 V/m, which is an upper limit for typical discharge plasmas
[38—40], the wavelength splitting is smaller than 2 pm, which is much smaller than the Doppler
broadening. We can therefore neglect the electric field effect.



IIT Experiments

To confirm the effect of a magnetic field on radiation reabsorption, we carried out experiments
using a dc glow discharge plasma under a uniform external magnetic field. A schematic diagram
of the apparatus is shown in Fig. 5. A cylindrical discharge tube made of glass with an inner
diameter of 5 mm and a length of 190 mm was adopted, and the tube was inserted in the bore
of a cryogen-free superconducting magnet (Cryogenic 1721) with its axis aligned along the field
direction. The inhomogeneity of the field strength is less than 0.25% over a 10-mm-diameter
sphere at the center of the tube. The inside of the discharge tube was filled with pure helium
with a pressure of 501 Pa and the discharge current was set to 3 mA.

The emission from the discharge tube was collected by a quartz optical fiber (Mitsubishi
Cable Industries ST50A-FV; core diameter 50 pm, cladding diameter 125 pm, NA 0.2) directed
perpendicular to the discharge tube axis. The end surface of the optical fiber was located at
the center of the tube and was separated by 20 mm from the axis. The whole cross section of
the tube was observed simultaneously through the acceptance angle of the optical fiber, which
is about 11.5°, and the diameter of the viewing area on the axis was about 8 mm. The light
transferred via the optical fiber was dispersed by a near-infrared interference spectrometer [30],
which consists of a tunable Fabry-Perot etalon. We obtained a spectrum by scanning the cavity
length of the etalon using a piezoelectric element. To improve the S/N ratio, 500 spectra were
averaged, and data points within an interval of about 2.7 pm were reduced to their average value.
The instrumental function measured using a single-mode diode-laser light was represented by a
Lorentzian function with an FWHM of 17.5 pm. The markers in Figs. 6(a)-(c) show the measured
spectral line shapes under magnetic field strengths of 0, 247, and 497 mT, respectively. Under
the present experimental conditions, the spectral line broadening is dominated by the Doppler
broadening and the instrumental function, and the pressure broadening and the Stark broadening
are negligible [31].

A Radiative transfer in the cross section of a cylindrical plasma

Figure 7 shows a schematic diagram of the cross section of a cylindrical plasma with radius R.
We define the {zyz} coordinate system as shown in the figure, where a uniform magnetic field
is applied in the z-direction; we assume that the plasma is axially symmetric and uniform in the
axial direction. We approximate that the observed line-integrated emission intensity per unit
axial length is expressed as

I (Av) = 2/ / Copeqp(p, Av) exp /] ZCJV‘% (¢, Av)dz' | dxdy, (11)
—;

where xj, p, and p’ are given as z; = /R? —y?, p = /2?2 +y?, and p' = \/2'? + y?, and we
represent the emission and absorption line profiles by an identical Gaussian function correspond-
ing to the Doppler broadening with a spatially uniform temperature. Since the adopted optical
fiber has a finite acceptance angle, a part of the view is not parallel to the xy-plane. For that
part of the view, the observed light travels longer distance in the plasma. In addition, the rela-
tive emission intensities between the m and o components changes and the 7 and ¢ transitions
absorb light associated with mutual transition. The elongation of the light traveling distance is,
however, smaller than 1/ cos(11.5°) ~ 2%, and the changes in the emission intensities between
the 7 and o components is smaller than sin?(11.5°) ~ 4%. We therefore neglected the effect of
the oblique observation.

In the calculation using Eq. (11), we determined the temperature from the observed Doppler
broadening, and regarded R as the inner radius of the discharge tube since the plasma is extin-



guished on the surface. We assumed that the electron temperature is spatially uniform, while
the spatial distribution of the electron density is represented by the zeroth-order Bessel function,
so that the spatial distributions of the upper and lower state helium atom densities are expressed
as ap(p) = ag(p) = Jo(jorp/R). This assumption is based on the fact that the mean free path
of the elastic collision between the atoms is less than 0.2 mm and sufficiently smaller than R,
where we assume that the collision de-excites the 23S and 23P atoms.

We fitted the calculated spectral line shapes to the measured ones with the intensity, tem-
perature, and 23S atom density on the axis of the plasma as adjustable parameters. Note that
the 23P atom density on the axis does not affect the relative intensities among I,,. Since the
broadening of the measured spectral lines is dominated by the instrumental function, we fur-
ther approximate the relative intensities of the transitions among the magnetic sublevels using
[ Ip(Av)d(Av), and each transition has a broadening that is a convolution of the Doppler
broadening and the instrumental function. This approximation will slightly overestimate the
temperature. The fitting curves are shown in Fig. 6 as the solid lines. The determined tem-
peratures and 7i¢ are given in the figures, where 71 is defined by Eq. (6) but with L replaced
by R. The fitting curves closely reproduce the measurements, and the relative intensities of the
transitions among the magnetic sublevels are significantly changed from their statistical weights
owing to radiation reabsorption. The 23S atom densities on the plasma axis are estimated to
be 8.0, 5.3, and 3.0 x 10'® m~3 for Figs. 6(a)—(c), respectively, and the order of the densities
is comparable to that obtained for discharge plasmas produced under similar experimental con-
ditions [23-25]. The validity of the obtained 719 was qualitatively confirmed by observing the
increase in 719 with the discharge current [31].

In the present results, a decrease in 719 with increasing field strength was observed. Possible
causes of this tendency are a decrease in the 23S atom density and changes in the radial distribu-
tions of the 23S and 23P atom densities from the Bessel function to a more peaky distribution on
applying a magnetic field. Regarding the first cause, it might be due to a decrease in the electron
density by anomalous cross-field diffusion [41]. We have not measured the electron density, but
that is expected to be smaller than 10’7 m™3 on the basis of experimental results using a similar
glow discharge tube [42,43]. Meanwhile, the electron temperature in glow discharge plasmas
is typically smaller than 10 eV [16,44]. In a glow discharge plasma with these parameters,
the 23S and 23P atom densities are nearly proportional to the electron density as reported in
Fig. 12 of Ref. [16]. In the present study, the change of the 23P atom density can be obtained
from the emission intensities evaluated from the fitted spectral line shapes extrapolated to the
case without absorption. In Figs. 6(a)—(c), the ratio of the intensities is about 1.0:0.51:0.23,
respectively. The ratio is close to that of 7y but rather smaller, which can be explained by a
weaker dependence of the 23S atom density on the electron density than the 23P atom density.
Note that the helium pressure of the present experiment is about 10 times larger than that of
the reference, but this may not affect the above discussion since the pressure is fixed for all the
conditions. The effect of the second cause can be determined by performing spatially resolved
measurement, which is a task for a future study.

IV  Conclusions

We presented a passive emission spectroscopic method for measuring the helium 23S metastable
atom density by observing the 23S—23P emission line shape. The method is applicable when
the opacity of the 23S;—23P( fine-structure transition is intermediate and the spectral line
broadening is sufficiently small to resolve the fine-structure transitions. The former corresponds
to a 23S atom density of approximately 106 to 10 m~3 with an absorption length of 10 mm,
while the latter requires the upper bounds of the electron density, helium atom temperature,



and helium atom pressure to be 7.7 x 10?2 m~3, 8.3 eV, and 220 kPa, respectively.

Possible errors expected in applications to actual discharge plasmas were calculated. The
spatial distributions of the upper and lower state densities and the temperature result in errors
in the estimated 719 of about 200% and 10%, respectively. The former number is, however, in
the worst case, and it can be smaller by an appropriate assumption of the distributions. The
presence of an external magnetic field reduces the absorption to about 60% when the magnetic
field strength is larger than about 0.5 T because of decrease in the superposition of the absorption
line profiles.

We applied the method to a cylindrical glow discharge plasma under various external mag-
netic fields and confirmed that the measured spectral line shapes are closely reproduced by the
calculation and that we can determine the 23S atom densities.
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Table 1: Data of fine-structure transitions belonging to the Hel 235—23P transition [2]. A,
A, and f represent the wavelength, spontaneous emission coefficient, and absorption oscillator
strength, respectively.

transition A 4 f
(nm) (x 107 s7)  (x1071)

238,—2%P, 1082.9091140 1.0216 0.59902

235,—23P;  1083.0250105 1.0216 1.7974

235, —23Py  1083.0339773 1.0216 2.9958
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Figure 1: Calculated ratio of the emission intensities as a function of 7. The three cases are
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