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Abstract

Due to the lack of convincing experimental evidence for electron information, there are still
unclearly understood discharge phenomena in atmospheric pressure radio-frequency (rf)
capacitive discharge, e.g. the electron heating, discharge structures, and the alpha–gamma
mode transition. Thus, to perceive basic and meaningful principles with an unambiguous
interpretation, simple and reliable electron diagnostics are required. Since bremsstrahlung
emitted through electron-neutral atom interaction depends on electron density (ne) and
temperature (Te), their diagnostic is possible. In particular, Te is easily estimated from the
ratio of bremsstrahlung emissivities at two different wavelengths or more. In this paper, 2D Te
distribution in an argon atmospheric pressure capacitive discharge measured by using a digital
camera and optical band pass filters is described. Time-averaged Te in the bulk region obtained
by a digital camera is consistent with that measured by an absolutely calibrated spectrometer.
In addition, time-resolved emission spectra and the corresponding ne and Te during one rf
cycle of the argon capacitive discharge are discussed. The result shows that Te varied from 2.3
to 3.0 eV, while ne did not change significantly.
Keywords: radio-frequency capacitive discharge, bremsstrahlung, electron diagnostics,
electron temperature profile, atmospheric pressure plasma
(Some figures may appear in colour only in the online journal)

1. Introduction

discharge in scientific and industrial research communities.
In the case of low-temperature plasmas generated at low pressure, plasma characteristics such as the electron temperature,
electron density, plasma potential, and so forth have been
determined under various operating conditions because of the
availability of many simple and advanced diagnostics. One
example is the versatile electrical probes (Langmuir probe,

Among a variety of different configurations for producing
plasmas, capacitive discharge is perhaps the most widely used
and studied configuration. Due to its simple geometry regarding the approximately 1D problem and its easily enlargeable
feature, particular attention has been paid to the capacitive
0963-0252/15/032006+7$33.00
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Among various diagnostic means, bremsstrahlung-based
electron diagnostics is attractive due to its simplicity and
the possibility for high spatial- and temporal-resolved measurements. Neutral bremsstrahlung via free-free interaction
between electrons and neutral atoms is a dominant continuum
radiation source emitted from partially ionized atmospheric
pressure plasmas due to a low degree of ionization and a high
number density of neutral atoms. A detailed description about
the electron-neutral atom (e-a) or neutral bremsstrahlung is
found in [13–16]. The emissivity of the neutral bremsstrahlung is written as

representatively) with relevant theoretical sheath models that
are available at the low-pressure regime. Among the diagnosed parameters, electron temperature (Te) representing the
electron energy distribution function is one of the most important plasma parameters in low-pressure plasmas, especially at
capacitive and inductive radio-frequency (rf) discharges. For
instance, Godyak et al [1] reported different electron kinetics at different discharge modes, low-voltage and high-voltage modes, by measuring Te and electron energy probability
function. Moreover, understanding of the electron heating
mechanisms and electron kinetics was attempted in conjunction with Te since the electron heating power is directly
related to Te [2–4].
Along with low-pressure plasmas, free electrons play a
crucial role in high-pressure plasmas including atmospheric
pressure plasmas. As well as the ionization of neutral gases,
reactive chemical species such as oxygen- and nitrogenrelated species are strongly related to direct electron impact
reactions, and the reaction rates involving the excitation,
ionization, and dissociation are governed by Te. However,
because of the difficulty and limitation to experimentally
obtain Te of non-thermal atmospheric pressure plasmas using
traditional diagnostic means due to the technical complexity, availability, cost etc, there are insufficient data to study
detailed electron kinetics in atmospheric pressure plasmas.
Thus, many of the observed discharge phenomena are still
left as being elusive unlike in low-pressure cases. Due to the
lack of sufficient electron diagnostics for atmospheric pressure plasmas, studies of the discharge properties and the
underlying physics more often than not rely on using theoretical models with relevant approximations. Electron kinetics
in rf microplasmas at atmospheric pressure was investigated
using 1D, particle-in-cell Monte Carlo collision simulations
[5]. Analysis of discharge structures of rf microplasmas at
various gap distances was carried out by employing a 1D,
hybrid-fluid model [6]. Moon et al [7] figured out the driving frequency effect on a helium rf capacitive discharge from
the discharge voltage–current characteristics based on an RC
circuit model. As the discharge characteristics including electron properties were studied analytically or numerically, it is
important to attain the experimental confirmation. Therefore,
reliable measurements of electron properties with high spatiotemporal resolution are indispensable, and electron information depending on various plasma conditions should be
obtained accurately. Some groups have recently attempted to
investigate the electron properties of the atmospheric pressure
plasma jet by means of diagnostics such as laser Thomson
scattering and millimeter wave interferometer [8–10]. Multidimensional electron diagnostics for spatial information in
capacitive discharge at atmospheric pressure is a key requirement to fulfill not only scientific needs but also industrial
aspects. For instance, the spatially resolved Te has become
important information for monitoring the plasma uniformity
in many industrial applications. To obtain the spatial distribution of plasma parameters, various techniques have been
developed such as a 2D probe array system and the reconstruction method of emission intensity profile with the
system function [11, 12].

⎛ 4 2 αh ⎞ n e n a
ϵea(n e, Te ) = ⎜ 5/2
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∫

mom
where α, h, me, c, na, ne, λ, hv, Qea
(E ) and E are the fine
structure constant of the atom, the Planck constant, the electron mass, the speed of light, the atom density, the electron
density, the wavelength, the emitted photon energy, the elastic collision cross-section for electron-atom, and the electron
energy, respectively. The Maxwellian electron energy distribution is used in the derivation of equation (1). Since the
neutral bremsstrahlung emissivity is given as functions of ne
and Te, their diagnostics is possible. As expressed in equation (1), Te determines the spectral distribution of ϵea while ne
determines the absolute magnitude of ϵea. Shown in figure 1(a)
is the spectral distributions of ϵea, normalized at 580 nm for
the sake of comparison, with different Te values. It indicates
that Te can be determined by fitting the spectral distribution of
the measured continuum radiation with that of the theoretical
ϵea. Furthermore, Te can be estimated more simply from the
intensity ratio of two representative wavelengths as shown in
figure 1(b). In our experiment, Te was determined using two
ϵea’s at 514.5 and 632.8 nm. Using a measurement technique
for 2D distribution of Te that was introduced in detail in [15],
a Te profile in an atmospheric pressure Ar rf capacitive discharge was successfully investigated in this study. In addition,
nanosecond (ns)-resolved spectra were captured for understanding the variations of ne and Te during one rf cycle.

2. Experimental apparatus and diagnostic
technique
Our experimental apparatus for an atmospheric pressure
plasma is presented schematically in figure 2(a). The plasma
source is a typical parallel plate electrode type rf capacitively
coupled plasma (CCP) source. Two water-cooled and cylindrical-shaped electrodes of 60 mm in diameter were installed
parallel in a chamber. An rf power was provided to the bottom electrode by a power system consisted of a 13.56 MHz
rf power supply (RF10S, RFPP) and an impedance matching
network, while the upper electrode was grounded. For stable
generation of an Ar α-mode discharge, the bottom electrode
was covered by a 1 mm thick alumina plate. The gap distance between the electrodes was fixed at 3 mm. By using a
2
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Figure 1. (a) Normalized neutral bremsstrahlung emissivity with various Te from 1.0 to 3.0 eV. (b) Electron temperature as a function of

the emissivity ratio between two different wavelengths, 514.5 and 632.8 nm.
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Figure 2. (a) A schematic of the experimental apparatus for a 13.56 MHz Ar capacitive discharge at atmospheric pressure, and photographs
showing (b) the unfiltered emission profile and the filtered emission profiles of (c) 700.0 nm (Ar I), (d) 514.5 nm (continuum), and
(e) 632.8 nm (continuum).

ball flow meter (RK1600R, KOFLOC) Ar gas having 99.9%
purity was supplied to the chamber at 3 standard liters per
minute (slpm). A Canon EOS 500 D DSLR camera was used
for obtaining plasma emission images. A detailed description
of the imaging processes, which is a key requirement for this
experiment, was previously reported through our recent paper
[15]. In order to obtain untreated pixel values presenting emission intensity, raw image files (Canon digital cameras provide
raw files with an extension ‘cr2’) were saved and used. The
dark frames recording the thermal noise in the image sensor
of the camera were subtracted from all plasma images. All
images presented in this work were taken with international
standardization organization (ISO) 100 and 1/3 s exposure. To
measure radiation intensity emitted with two different wavelengths, two optical band pass filters were used: the center
wavelength (λc) at 514.5 and 632.8 nm and full-width at halfmaximum (FWHM) of 1.5 nm for transmittance. As discussed
below, these two wavelengths are suitable for measuring
bremsstrahlung, especially in atmospheric pressure Ar capacitive discharge. An additional image process was performed in

this experiment because a color filter (called a Bayer filter),
consisting of an alternating arrangement of colors with one
red, one blue, and two greens (RGB), is installed in most digital cameras. Since each color filter has different spectral transmittance in the visible range, we split RGB pixels by using an
image processing software [17], and pixels behind the blue
and red color filters were selected and used individually for
514.5 and 632.8 nm emissions, respectively.
Figures 2(b)–(e) present plasma emission images of Ar
rf capacitive discharge with and without optical filters. The
‘white’ intense appearance shown in the unfiltered image [figure 2(b)] implies the substantial continuum radiation in the
visible wavelength range. The other plasma images in the
figure are the spectrally resolved plasma emission of 1/3 s
exposure taken with optical band pass filters. Figure 2(c) is
the image taken with a filter at λ c of 700.0 nm that includes
696.5 and 706.7 nm Ar I lines. Depicted in figures 2(d) and
(e) are the images of continuum radiation at λ c of 514.5 nm,
632.8 nm, respectively. Figures 2(c)–(e) demonstrate an
apparent difference in intensity distributions between the
3

Plasma Sources Sci. Technol. 24 (2015) 032006

continuum radiation and the Ar I lines. It is noted that the continuum radiation was not subtracted from the Ar I emission
profile shown in figure 2(c) because the emissivity of the Ar
I lines is significantly larger than that of the continuum at the
same wavelength, as will be demonstrated in figure 5. As is
already known, the emission profile like figure 2(c) is commonly observed in the α-mode capacitive discharge at atmospheric pressure [18]. Emission due to the electronic transition
of Ar neutral atom is responsible for the brightness of the discharge where the continuum radiation is weak.
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The emission spectrum of the Ar plasma with 200 W input
power obtained by absolutely calibrated spectrometer
(MAYA2000 Pro, Ocean Optics) is shown in figure 3(a).
Not only N2 (C3Πu − B3Πg) but also OH (A2Σ+ − X2 Π),
NH (A3Π − X3Σ−), and NO (A2Σ+ − X2 Π) molecular spectra
appear in the ultraviolet range. Beyond 690 nm, argon and
oxygen atomic lines are presented. Oxygen- and nitrogenrelated species came from the ambient air due to a small
leakage of the chamber and backflow. The high intensity of
hydroxyl radicals is due to the reaction between metastable Ar
and water vapor in the supplying gas as an impurity or in the
chamber wall [19]. To avoid error in determining Te caused
by atomic and molecular spectra, the emission intensity in the
spectral range from 450 to 690 nm is suitable. The blue and
red colored peaks in figure 3(a) depict the measured emission spectra using optical interference filters with the center
wavelength at 514.5 and 632.8 nm, respectively. The interference filters have sufficiently high transmittances (≅ 33% for
both) at center wavelengths and optical densities (>4 for both)
for other spectral ranges of our experiment, thus two filtered
emission intensity peaks were appropriate for the determination of Te by comparing with theoretical emissivity of neutral
bremsstrahlung.
To verify the result of emission intensity obtained by a
DSLR camera with optical filters, we compared the result
with the emission intensity obtained by an absolutely
calibrated spectrometer. The emissivities of 514.5 nm
(open symbols) and 632.8 nm (solid symbols) were linearly
increased in both measurements as the rf input power was
raised from 140 to 260 W. Figure 3(b) demonstrates a good
agreement between both the camera result (red) and the spectrometer result (blue) and linear radiometric response of the
DSLR camera to the plasma emission. It is also noted that
camera settings that were selected in this work are suitable for
Ar rf capacitive plasma. Consequently, although interference
filters have an imperfect transmittance such as unsharpened
edge shape and 1.5 nm of FWHM of transmittance curve, the
continuum radiation measurement using a commercial DSLR
camera and interference filters appears accurate enough to
measure the spatial distribution of Te by taking the ratio of the
two continuum emissivities. Flat-field correction for correcting variations of the pixel response of camera was performed
by using a 2D uniform light source that consisted of a tungsten
lamp and opal diffuser. Furthermore, spectral sensitivities of
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Figure 3. (a) Ar CCP spectrum measured by the calibrated
spectrometer and relevant optical system. The black solid line
indicates the absolute intensity of the plasma emission. Emissions
passed through interference filters with λ c = 514.5 nm and 632.8 nm
presented with blue and red lines, respectively. (b) Intensity
variations of a digital camera (red) and a spectrometer (blue) at
various rf input powers.

relevant optical parts for 514.5 and 632.8 nm were obtained
simply from the results presented in figure 3(b); all measurement results shown below were calibrated.
Figures 4(a) and (b) show the 2D distributions of the continuum radiation corresponding to neutral bremsstrahlung at
514.5 and 632.8 nm, respectively. Each intensity distribution
was produced by averaging 50 images to reduce random noise
in the measurement, and the pixels behind the red and blue
color filters were only used after the dark frame subtraction.
The viewing area of the camera was indicated in figure 2(a)
as the red dotted box. The radial intensity profiles of the two
images show non-uniformity since the viewing area is off
the central area of electrodes. Based on the ratio of emission
intensities given in figures 4(a) and (b), the spatial distribution
of time-averaged Te was obtained. As shown in figure 4(c),
Te in the center of plasma bulk is about 2.5 eV, which is
consistent with the time-averaged result conducted by an absolutely calibrated spectrometer. Compared with Te in the center
region, relatively low Te is observed near sheath. The highest
Te is about 3.0 eV near the both electrode surfaces with small
4
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Figure 4. Two continuum emission intensity distributions at (a) 514.5 nm and (b) 632.8 nm from Ar CCP. (c) 2D distribution of
time-averaged Te and Ar I emission (including both 696.5 and 706.7 nm).

differences of profile depending on whether the electrode
was covered by an alumina plate. Near the sheath region, the
high Te is due to ohmic heating caused by frequent collisions
under high pressure. This time-averaged spatial profile is in
good agreement with a simulation result [20]. As presented
in figures 2(c) and 4(c), Ar atomic emission passed through
an optical band pass filter having λ c = 700 nm and λFWHM =
25 nm shows fairly similar in profile to Te, whereas that is
significantly different from the continuum radiation profile
in the direction perpendicular to the electrode; even though
continuum radiation was captured with Ar emission, it can be
ignored. It is also noted that the Ar emission profile shows a
fairly good agreement with the Ar* density profile from simulation [20]. Since Ar atomic emission intensity is proportional
to the number density of the excited Ar atoms that is governed
by Te, abundant excited argon atoms may exist substantially
in the high Te region, thus more intense emission was detected
at the sheath edge.
So far, the Te profile obtained from the two filtered DSLR
images is time-independent since the exposure time of the
camera for getting the images was set at 1/3 s. Instead of
using normal digital cameras, the combination of an intensified charge-coupled device (ICCD) camera and optical filters
allows to measure the temporally resolved Te profile in repetitive plasmas. However, the accuracy of 2D measurement is
quite low due to low signal-to-noise level of ICCD camera
at high gain value of microchannel plate (MCP). Therefore,
full emission spectra were obtained for high accuracy of ne
and Te determination. In order to find the time variation of

ne and Te at the center of both electrodes during one rf cycle
(~73.75 ns), the ns-resolved sequential emission spectra of the
plasma were obtained by using a spectrometer (SpectraPro
750, Princeton Instruments) combined with an ICCD camera
(PI-MAX2, Princeton Instruments). All emission spectra were
obtained with 10 ns gate width and 10 ns time interval. Due to
the weak intensity of a single shot, charges were accumulated
by 105 times on the CCD for a single frame. Figure 5 shows
experimentally obtained spectra at two different moments
within one rf cycle. Smoothing of the adjacent data points
with the averaging window of 5.8 nm was performed to mitigate the random noise in the spectrum due to the low signal
level, and the result is presented as the red curve in figure 5.
To estimate ne and Te, best fitting curves of neutral
bremsstrahlung emissivity were found by the least square
method. During one rf cycle, Te varied from 2.3 to 3.0 eV,
while ne changed in (2.0–2.6)  ×  1012 cm−3. This behavior
is nearly consistent with the previous numerical simulation
result [21], where n e ≅ 1.0   ×   1012 cm−3 while Te fluctuates
with a 13.56 MHz rf cycle in the plasma bulk. This variation
from 2.3 to 3.0 eV also shows a good agreement with the
time-averaged Te, 2.5 eV, obtained by the spectrometer and
the digital camera. By comparing the fluctuation of Te and
the temporally synchronized discharge current waveform, it
is noticed that electrons mostly gain energy by ohmic heating
at the moment of sheath expansion (discharge current data is
not shown here).
Since this diagnostics is based on neutral bremsstrahlung,
its emissivity ϵea(λ ) should be given with the proper electron
5
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Figure 5. Ten nanosecond resolved emission spectra at (a)
maximum Te and (b) minimum Te, corresponding to 3.0 and
2.3 eV, respectively, within one 13.56 MHz cycle. The black
curve, red opened circles, and yellow opened circles represent
raw data, smoothened data by the adjacent-averaging method, and
theoretically calculated ϵea, respectively.

Figure 6. (a) The estimated Te with  ±0.1% (blue curve) and  ±0.8%

(red curve) errors in the emissivity ratio of 514.5 and 632.8 nm, and
(b) the estimated Te with  ±0.8% error (red curve) in the emissivity
ratio of 300 and 700 nm.

presents Te as a function of the ratio of two continuum emissivities of 514.5 and 632.8 nm, and Te is determined from
the curve as the ratio is measured. Shown in figures 6(a)
and (b) are uncertainties in determining Te in the presence
of an error in the emissivity ratio: (a) with  ±0.1% (blue)
and  ±0.8% (red) errors for the 514.5 and 632.8 nm set,
and (b) with  ±0.8% error (red) for the 300 and 700 nm set,
respectively. Figure 6 clearly indicates that the uncertainty
depends on selected wavelengths. In this work, the error (i.e.
one standard deviation of pixel values) in the pixel values
was 0.8% by averaging 50 images under the same experimental condition. With  ±0.8% error in the ratio of 514.5 and
632.8 nm, the determined Te has an uncertainty of  −7.2%
and +8.7% at 2.0 eV, i.e. the measured Te has the accuracy
range of 1.9–2.2 eV. The uncertainty can be decreased by
reducing the error in the emissivity ratio or by choosing a
different wavelength set (for instance, 300 and 700 nm as
shown in figure 6(b) where better accuracy is shown with the
same amount of error in the emissivity ratio).

energy distribution function (EEDF). In this work, we use
ϵea(λ ) presented in equation (1) with the Maxwellian EEDF,
so that this method is applicable only for the plasma with
Maxwellian. For EEDF other than Maxwellian, ϵea(λ ) should
be calculated from equation (3) of [14] with the known EEDF
f (E ). In the case of plasmas with non-noble gases, molecular gases, or gas mixtures, this diagnostic method with ϵea(λ )
presented in equation (1) may still be applicable with limited accuracy if the EEDF is not distorted significantly from
Maxwellian and the two chosen wavelengths are uncontaminated by other emissions such as atomic lines, molecular
bands, or continuum other than neutral bremsstrahlung.
The major cause of measurement error is from instruments, which is the digital camera in this work. Among
the possible instrumental errors, the random noise in pixel
intensity plays a crucial role in determining Te because it is
normally amplified through the subtraction of the dark
current and calculation of the intensity ratio. Figure 1(b)
6
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A simple diagnostics of 2D Te distribution based on neutral
bremsstrahlung emissivities at two different wavelengths was
developed using a combination of two optical interference
filters having ultra-narrow transmittance and a DSLR camera with high spatial resolution (15.1   ×   106 pixels) and high
sensitivity for visible rays. Intensities at 514.5 and 632.8 nm
were obtained successfully due to the sufficient bremsstrahlung power of Ar capacitive discharge, as confirmed by the
spectrometer result. As shown in the 2D Te distribution, the
radial dependence of Te is weak while Te depends strongly on
the distance in the direction perpendicular to the electrode.
A 2D time-resolved Te measurement using the proposed
method is left as a future plan. Moreover, a 3D measurement
of Te distribution is under consideration with tomographic
reconstruction technique. It is hoped that these spatiotemporal electron properties can become a valuable addition to the
atmospheric pressure plasma physics in the future.
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