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Emission spectroscopy of a microhollow cathode discharge plasma

in helium-water gas mixtures

S. Namba,? T. Yamasaki, Y. Hane, D. Fukuhara, K. Kozue, and K. Takiyama
Graduate School of Engineering, Hiroshima University, 1-4-1 Kagamiyama, Higashi-Hiroshima, Hiroshima
739-8527, Japan

(Received 28 June 2011; accepted 20 August 2011; published online 12 October 2011)

A dc microhollow cathode discharge (MHCD) plasma was generated inflowing helium gas
containing water vapor. The cathode hole diameters were 0.3, 0.7, 1.0, and 2.0 mm, each with a
length of 2.0 mm. Emission spectroscopy was carried out to investigate the discharge mode and to
determine the plasma parameters. For the 0.3-mm cathode, stable MHCDs in an abnormal glow
mode existed at pressures up to 100 kPa, whereas for larger diameters, a plasma was not generated at
atmospheric pressure. An analysis of the lineshapes relevant to He at 667.8 nm and to Hux at 656.3
nm implied an electron density and gas temperature of 2 x 10" cm ™ and 1100 K, respectively, for a
100-kPa discharge in the negative glow region. The dependence of the OH band, and Ho intensities
on the discharge current exhibited different behaviors. Specifically, the OH spectrum had a maximum
intensity at a certain current, while the H atom intensity kept increasing with the discharge current.
This observation implies that a high concentration of OH radicals results in quenching, leading to the
production of H atoms via the reaction OH+e  — O+H+e . © 2011 American Institute of

Physics. [doi:10.1063/1.3646551]

. INTRODUCTION

High-pressure discharges have been attracting a great
deal of interest for various applications. For example, atmos-
pheric thermal plasmas can be employed for waste treatment,
formation of nanoparticles, thin film deposition, and plasma
welding and cutting.'™ Atmospheric pressure glow dis-
charges can generate nonequilibrium plasmas that are an al-
ternative means for surface treatments, optical sources, and
detoxification of gaseous pollutants.*~°

Paschen’s scaling law describing the breakdown voltage
V4 as a function of the product of the gas pressure P and the
gap distance d requires Pd ~ 10 Torr-cm for V4 on the order of
several hundreds of volts.® Consequently, the value of d
should be on the order of 10 um for atmospheric discharges.
To attain a discharge at high pressure, a microhollow cathode
discharge (MHCD) has received considerable attention’”
because a microplasma with a density above 10" cm™ can
be produced due to the peculiar geometric configuration. A
MHCD at high pressure provides a favorable environment for
excimer light sources, since it is capable of generating a none-
quilibrium plasma with a large population of high-energy elec-
trons.” Moreover, cold atmospheric plasmas generated by
MHCDs can be used for medical and biological applications.'®
A microchemical reactor using a MHCD plasma has also been
proposed to efficiently extract hydrogen gas from ammonia,
as a promising device for portable fuel applications.'"'?

The discharge operational mode of a MHCD plasma
was investigated by Schoenback er al.”® Depending on the
discharge current and gas pressure, the discharge operated in
four different modes (predischarge mode, hollow cathode
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mode, abnormal glow discharge mode, and surface discharge
mode). In addition, the parameters of the microplasma gener-
ated in the hollow cathode could be determined by laser
atomic absorption spectroscopy. From an analysis of the line
shape broadening, the electron density and gas temperature
were deduced to be 5 x 10'> cm ™ and 1100 K, respectively,
for a discharge using a cathode hole diameter of 0.3 mm at
400 mbar of Ar (Ref. 13). Optical emission spectroscopy
was also performed to characterize Ar microplasma operated
at a pressure of 500 mbar by Spasojevié et al.'* By introduc-
ing hydrogen gas as a tracer particle and observing the Hf
line shape, they successfully obtained the electron density of
3.8 x 10" cm ™ and the electric field of 127 kV/cm. A nu-
merical study of the MHCD He plasma was performed by
Kothnur et al. using a two-dimensional fluid model."> They
showed that with increasing gas pressure the charged par-
ticles were confined to the cathode opening. Moreover, the
electron density, temperature, and gas density of the micro-
plasma were on the order of 10 cm73, 10 eV, and 1000 K,
respectively, for a cathode with a 0.2-mm-diameter opening
at a He gas pressure of 1000 Torr and discharge current of
2.7 mA. The calculated plasma parameters were consistent
with the experimental data.

Currently, the use of MHCD plasmas for the remediation
of indoor environments is being pursued, such as the treatment
of microbial contaminants. The present study focuses on pro-
duction and quenching processes relevant to H atoms and OH
radicals decomposed by a MHCD device from ambient water
in air, which are thought to play an important role in deactiva-
tion of harmful biological macromolecules.'® Intense atomic
and molecular spectra from nitrogen and oxygen make it diffi-
cult to observe the weak H and OH emissions. In general, a
high discharge voltage is necessary to generate a stable
plasma in air, but the introduction of He gas improves the

© 2011 American Institute of Physics
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stability of the plasma at high pressures for reasonable dis-
charge voltages. In order to investigate the processes associ-
ated with H,O, a MHCD operating in a helium and water
vapor gas mixture are investigated spectroscopically in this
paper.

Cathode diameters of 0.3 to 2.0 mm are used to generate
the microplasmas. Emission spectroscopy shows that for a
0.3-mm cathode, a stable MHCD plasma is produced in the
hole at atmospheric pressure. It also reveals that the ioniza-
tion and excitation are dominated by collisional or photon
induced processes, depending on the gas pressure and diame-
ter of the cathode opening. The electron density and gas
temperature are derived from an analysis of the lineshapes of
He neutral and H emission spectra. The dependence of the
OH radical emission intensity on the discharge current is
also examined to investigate its production and quenching
processes.

Il. EXPERIMENTAL SETUP

Figure 1 shows (a) a photograph, and Fig. 1(b) a sche-
matic diagram of the MHCD plasma device. The cathode
and anode were both made of brass, and ceramic disks were
used to electrically insulate the electrodes. Four cathode
disks had inner hole diameters of D =0.3, 0.7, 1.0, and 2.0
mm, all with lengths of L =2.0 mm. The respective anodes
and ceramic disks had the same inner diameters as the cath-
ode openings. The MHCD plasma device was installed in a
vacuum chamber and He gas with a flow rate of 1.0 L/min
was fed into it. Water vapor was introduced into the He car-
rier gas by passage through a steam vessel. The direct current
discharge was operated at sustaining voltages of 180—400 V,
currents of 2-50 mA, and gas pressures of 0.6—100 kPa.

The MHCD plasmas generated in the cathode opening
were observed using a high-resolution visible spectrometer

O

nsulator

Cathode = Anode

(b)

D=0.3,0.7,1.0,2.0 mm

FIG. 1. (Color online) (a) Photograph and (b) schematic diagram of the
MHCD device. The cathodes had opening diameters of D =0.3, 0.7, 1.0,
and 2.0 mm with a length of 2.0 mm. The anode and cathode were electri-
cally separated by an insulator.

J. Appl. Phys. 110, 073307 (2011)

with a focal length of 1 m and a grating of 2400 grooves/
mm. The detectors were a charge-coupled device (CCD)
camera and a photomultiplier tube (PMT). Since the plasma
region was as small as 0.3 mm, the emission image was
magnified five-fold using a quartz lens. The spatial resolu-
tion was approximately 5 um. We observed three emission
spectra: Ha (n=3—2 at 656.3 nm), He I (2'p — 3'd at
667.8 nm), and OH band (A—X transition around 309 nm).
For the OH spectra, the resolution was not high enough to
observe the fine structure arising from the rotational transi-
tions. Consequently, second-order light from the fundamen-
tal emission was measured to improve the spectral
resolution. The resolution in the Ho and He I 667-nm wave-
length region was determined by measuring a HeNe laser at
632.8 nm. Assuming that the line profile has a Gaussian
distribution, the instrumental width [full width at half maxi-
mum (FWHM)] was determined to be AZ;psrum =9 pm for
the CCD and A/ i sum =7 pm for the PMT. The spectral
sensitivity of the whole optical system was calibrated using
standard lamps (tungsten ribbon and xenon discharge). The
CCD images were measured through an entrance slit of 2.5
mm, enabling observation of two-dimensional spectral
images.

lll. SPECTRAL LINESHAPES DUE TO BROADENING
EFFECTS

Spectral lines are broadened due to the instrumental
width, Doppler broadening, pressure broadening, and Stark
broadening, from which the plasma parameters can be
derived. Because a detailed description of these effects is
available from many sources, they are only briefly summar-
ized here.

When the velocity distribution is Maxwell-Boltzmann,
the FWHM for Doppler broadening is'’*'®

IT
Alp(nm) = 7.16 x 1077 Mg )

where /o is the peak wavelength (in nm), 7, is the gas tem-
perature (in K), and M is the atomic mass (in amu).

Pressure broadening has two origins: resonance broad-
ening of the He I 2p—3d transition and van der Waals broad-
ening for Hx. Resonance broadening arises from interactions
between neutral atoms of the same kind. It occurs for
allowed transitions involving a level that is dipole-coupled
to the ground state. The linewidth is described by the Lorent-
zian profile'®2°

AJg(nm) = 8.61 x 10725, /Z—;)%}LR)‘RN“, 2)

where g, and g, are the degeneracies of the lower and upper
states of the transition (1lS—2lP), respectively, Az and fi are
the wavelength (in nm) and absorption oscillator strength of
the resonance line, respectively, and N, (in cm ) is the den-
sity of perturber particles (i.e., the He gas density). For He I at
667.8 nm, Eq. (2) becomes Adg(nm) = 0.26xP(kPa)/T,(K)
where P is the gas pressure. On the other hand, short-range
interactions between the radiator and other atoms or

Downloaded 08 Jan 2013 to 133.41.74.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



073307-3 Namba et al.

molecules give rise to van der Waals broadening whose
FWHM is'*2°

o T\ Y10
Ady(nm) = 8.18 x 107°/2(aR?)* <—g) Noy (3
u

where & is the mean atomic polarizability of the perturbers, p
is the reduced mass (in amu), and R? is the difference in the
squares of the coordinate vectors (in units of a,) of the upper
and lower levels, as given by

R*=R% —R: )
and
R =n2/2 [Snj’fz 130+ 1), )

where n; is the effective quantum number and /; is the
angular quantum number. For Ha, Eq. (3) becomes
Aly(nm) = 0.019 x P(kPa)/ng(K).

The Stark effect in high-density plasmas also broadens
the line shape.”' Gigosos ef al. calculated the line shapes of
Balmer series for various conditions, in which ion dynamic
effect for non-equilibrium condition was taken into account.”
For Ho spectrum, the Stark width obtained by fitting their
results is expressed by the following function,

A2 (nm) = 2.05 x 107" n263, (6)

For He I at 667.8 nm, the Stark width is approximately given
py!6-18

AZE(nm) = 2 x [14 175 x 10~*nl/*
(7
x(1- 0.068n;/6T;1/2)] 10y, .,

where o and w, are the ion broadening parameter and the
FWHM of the broadening due to electron impacts, as tabu-
lated in Ref. 21. The electron density can be derived from
the spectral widths in Egs. (6) and (7).

The observed intensity distribution is approximated by a
Voigt profile that is the convolution of a Gaussian (due to
the instrumental and Doppler broadenings) and a Lorentzian
(due to the resonance or van der Waals and the Stark broad-
enings). For the Gaussian, the total FWHM is

A)‘G = \/ A/ﬂ“iznslrum + A/LZD’ (8)

whereas for the Lorentzian it is

Al = Ady + A2 for Ha ©)
and

Al = Alg + AJg°  for He. (10)

By fitting the experimental data with a Voigt profile, the
Gaussian and Lorentzian components can be obtained.

J. Appl. Phys. 110, 073307 (2011)

IV. RESULTS AND DISCUSSION
A. Two-dimensional spatial images

Figure 2 shows two-dimensional spatial images of (a) He
I at 667.8 nm and (b) Ho spectra for He gas pressures ranging
from 0.7 to 21 kPa. The discharge current was 20 mA and its
voltage was approximately 225 V. The diameter of the cath-
ode opening (D = 1.0 mm) is indicated by the dotted circles in
the leftmost panels. The size of the horizontal emission was
limited by the entrance slit of the spectrometer. The slight dis-
tortion from circularity is due to the astigmatism of the spec-
trometer. Above 21 kPa, a plasma was not produced because
higher discharge voltages are required to ignite gaseous break-
down. At pressures below 6 kPa, both the H and He emissions
were most intense at the cathode center, indicating that ioniza-
tion occurs due to a pendulum motion of the electrons around
the virtual anode located along the central axis. At pressures
of 7 and 21 kPa, however, the 2D emission of He at 667.8 nm
showed a hollow structure. With increasing gas pressure, the
ring-shaped emission region approached the cathode electrode
and became thinner. This phenomenon can be interpreted in
terms of the mean free path of an inelastic collision. Electrons
accelerated in the cathode sheath collide with neutral atoms,
resulting in excitation and ionization. The higher the atomic
density, the more frequently collisions occur and thus the
mean free path becomes shorter. The emission region is there-
fore localized near the inner wall of the cathode.”'> In contrast
to that behavior of the He spectrum, Ho was predominantly
emitted at the center for all gas pressures, although weak ring
emission was also observed. This result suggests that in the
cathode region the population channels into H level n =3 and
He level 3'd are similar, whereas around the cathode axis an
alternative mechanism responsible for population inflow into
H n=3 is involved. Dissociative recombination such as
H,0" +e~ — H*(n=23)+ OH might be involved, owing to
the relatively low temperature plasma in the center.'?

For the D =0.3 mm cathode, a stable discharge inside
the cathode opening occurred for gas pressures up to atmos-
pheric. Figure 3 shows two-dimensional images of (a) He I
and (b) Ho at a current of 20 mA. The current-voltage char-
acteristics indicated that the discharge was operating in an
abnormal glow discharge mode. With increasing gas pres-
sure, the plasma radius decreased. Even at 100 kPa, no ring-
shaped emission was observed around the cathode edge,
implying that photoionization arising from vacuum UV and

3 kPa 7 kPa
p—
e | O
0.7 kPa 3 kPa 7 kPa 21 kPa
o e | e
N
Ho
656.3 nm N
Slit image

FIG. 2. (Color online) Two-dimensional emission images of (a) He I at
667.8 nm and (b) Ho at 656.3 nm for He gas pressures between 0.7 and 21
kPa. The observations were performed using a cathode opening of D = 1.0
mm at a discharge current of 20 mA and voltage of 225 V.
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5 kPa 17 kPa 50 kPa 100 kPa
@ @ o o

(a)

Hel
667.8 nm
5 kPa 17 kPa 100 kPa
(b)
Ha @® @ o
656.3 nm

FIG. 3. (Color online) Emission images of (a) He I at 667.8 nm and (b) Ho
at 656.3 nm for a D =0.3 mm cathode at a discharge current of 20 mA and
voltage of 250 V.

UV lights emitted from the cathode surface rather than elec-
tron collisional effects are likely playing a key role in the
generation of plasmas at high pressures.

B. Determination of T, and n.

The lineshapes of He I at 667.8 nm and of Hu at 656.3
nm were measured. Figure 4 shows the results obtained using
the CCD camera for a 0.3-mm cathode diameter, discharge
current of 20 mA, and slit width of 30 um. The observation
region was approximately 15 um around the cathode center.
With increasing gas pressure, the He I and Ho spectra broad-
ened due to the resonance and van der Waals effects, respec-
tively. Moreover, Stark broadening due to charged particles
also influenced the lineshapes in high-density plasmas. Simi-
lar dependence of the intensity distribution on the gas pres-
sure was observed for other cathodes.

1.0E (a) ——5kPa |4
— | He 667.8 nm B
T 08E a3
.QN) —— 50 kPa
g o6f
S
RS
> 04F
2
Qo 02F
£

0.0 peses . .

667.80 667.85 667.90
Wavelength [nm]
1.0 ——5kPa |
E ——8kPa

S 08k 31kPa
o T —— 50 kPa
= 100 kPa
E
o
A=)
2
B
c
2
£

656.25 656.30 656.35

Wavelength [nm]

656.20

FIG. 4. (Color online) Line profile of (a) He I at 667.8 nm and (b) Ha at
656.3 nm as a function of the gas pressure for a cathode of 0.3-mm diameter
and a current of 20 mA.
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FIG. 5. (Color online) Electron density and gas temperature derived from
the line shape analysis for various gas pressures (for a 0.3-mm cathode and a
current of 20 mA).

The electron density and gas temperature for a 0.3-mm-di-
ameter cathode were derived from an analysis of the linewidths
of the He and H spectra as follows. A value for the gas temper-
ature T, of the plasma was estimated and used to calculate the
Doppler broadening width Alp from Eq. (1). The total Gaus-
sian width Alg was then obtained from Eq. (8). By fitting the
experimental data with a Voigt function having Gaussian width
AJg, the total Lorentzian widths A/ were obtained from Egs.
(9) and (10) for the Ho and He 667.8-nm spectra, respectively.
Estimating a value for the electron density and assuming its
temperature to be 10 000 K, Eq. (7) then gives the Stark width
for He at 667.8 nm, A),gl ¢, and thereby the resonance broaden-
ing width A/g from Eq. (10). From the measured gas pressure
and estimated A/g, the gas temperature 7, was obtained. This
revised gas temperature was used to calculate Adg from Eq.
(3), and Eq. (9) then gave the Stark width, resulting in a deter-
mination of the electron density from Eq. (6). These calcula-
tions were then repeated until the results converged. It was
confirmed that the electron temperature dependence on the
Stark width below 50 000 K was unimportant.*

Figure 5 graphs the electron density and gas temperature
on the cathode axis at a discharge current of 20 mA as a
function of the gas pressure. The density obtained at 100 kPa
was as high as ~2 x 10" cm 3, whereas the gas temperature
increased from 360 K at 30 kPa to 1085 K at 100 kPa. With
increasing pressure, the electrons gain less energy in colli-
sions with neutral atoms and transfer more energy to the gas
via elastic collisions, resulting in significant gas heating.
Both the density and temperature derived in this study are in

T T T T T T T

10000 | E
8000 | E
6000 | E
4000 F } ‘ { E
2000 { M ‘ ‘ ‘ |

J‘- | MJUL*. I JI‘ L b

307.8 308.0 308.2 308.4 308.6 308.8 309.0 309.2
Wavelength [nm]

Intensity [CCD counts]

FIG. 6. (Color online) Hydroxyl (OH) band spectra in second order
observed for D =0.3 mm at 20 mA and 100 kPa.
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FIG. 7. Absolute emission intensities of the OH A—X transition, He at 667.8
nm, and Ha for the same experimental conditions as in Fig. 6.

good agreement with the experimental® and calculated'
values for a similar experimental setup.

C. OH radical emission

The dissociation of water introduced into the discharge
section yields OH radicals and H atoms. Figure 6 indicates the
OH (A-X) emission around 308 nm for a 0.3-mm cathode at
20 mA and 100 kPa. Figure 7 shows the OH emission inten-
sity for various discharge currents (for D =0.3 mm at 100
kPa). Three Q-branch emissions are plotted: Q1(2) at 308.09
nm, Q1(3) at 308.24 nm, and Q1(4) at 308.42 nm. The inten-
sity increases with discharge current up to a peak at about 20
mA. With further increase of the current, the intensities
decrease. The reason for this decrease is the high concentra-
tion of OH radicals at high discharge currents, resulting in the
formation of H,O, molecules due to the reaction

OH + OH — H,0, (11)
and the collisional dissociation by electron impact,
OH+e — O-+H-+e . (12)

In order to clarify the mechanism underlying the OH emis-
sion, the dependence of the He 667-nm and Ho emission
intensities on the discharge current was investigated. These
results are also presented in Fig. 7. In contrast to the peak in
the OH radical emission, both the Ho and He 667.8-nm
intensities increased monotonically. Therefore, dissociation
quenches the OH radicals. Accordingly, by choosing the
optimal discharge current, hydrogen atoms can be produced
without further formation of OH radicals.

In order to determine the gas temperature, the line distri-
bution from the spectral simulation code LIFBASE* was
compared with the experimental results, assuming that the vibra-
tional temperature is equal to the rotational one. With increasing
current, the temperature increased from 420 K at 2 mA up to
750 K at 50 mA for D=0.3 mm at 100 kPa, in reasonable
agreement with the results obtained from the linewidths.

V. CONCLUSIONS

Microhollow cathode discharge devices having cathode
diameters ranging from 0.3 to 2.0 mm were fabricated to

J. Appl. Phys. 110, 073307 (2011)

generate stable microplasmas at atmospheric pressure. The
discharge operated in helium gas containing water vapor
and was characterized by optical emission spectroscopy.
Two-dimensional imaging showed that for larger diameter
cathodes, a plasma was not generated at high gas pressures,
but a stable abnormal glow discharge arose for a 0.3-mm
cathode even at 100 kPa.

An analysis of the lineshapes of He I at 667.8 nm and of
Ho for a 0.3-mm-diameter cathode indicated that with
increasing gas pressure the electron density and the gas tem-
perature increased to 2 x 10" ¢cm™* and 1100 K, respec-
tively, at 100 kPa and 20 mA.

The dependence of the OH and H spectral intensities on
the discharge current showed that the number of H atoms
increased with the current, while there was an optimum cur-
rent to generate OH radicals. In addition, the gas temperature
was determined by comparing the OH band spectra to those
from the LIFBASE simulation code. The temperatures
derived from this method were in good agreement with those
determined by the line profile analysis.
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