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Atmospheric pressure micro-discharges in helium gas with a mixture of 0.5% water vapor between two pin electrodes
are generated with nanosecond overvoltage pulses. The temporal and spatial characteristics of the discharges are inves-
tigated by means of time-resolved imaging and optical emission spectroscopy with respect to the discharge morphology,
gas temperature, electron density, and excited species. The evolution of micro-discharges is captured by intensified CCD
camera and electrical properties. The gas temperature is diagnosed by a two-temperature fit to the ro-vibrational OH(A%Xt—
X211, 0-0) emission band and is found to remain low at 425 K during the discharge pulses. The profile of electron density
performed by the Stark broadening of Hy 656.1-nm and He I 667.8-nm lines is uniform across the discharge gap at the
initial of discharge and reaches as high as 10?2 m~3. The excited species of He, OH, and H show different spatio-temporal
behaviors from each other by the measurement of their emission intensities, which are discussed qualitatively in regard of

their plasma kinetics.

Keywords: atmospheric pressure micro-discharges, nanosecond repetitively pulsed discharge, helium, optical

emission spectroscopy
PACS: 52.50.Dg, 52.70.Kz, 82.33.Xj

1. Introduction

Atmospheric pressure micro-discharges exhibit distinc-
tive merits in applications, such as plasma medicine, surface
treatment, combustion enhancement, and environmental re-
mediation, for their high chemical reactivity, easy operation,
and low maintenance cost.!'3] With increasing pressure the
electron—neutral collision frequency increases up to 10° s~
at atmospheric pressure, leading to a sufficient momentum
transfer via elastic collisions, and thus the discharges have
a tendency to approach the state of thermal equilibrium.!
Such high gas temperature restricts their applications in the
treatment of heat-sensitive materials, such as biological tissue
and polymers,! and leads to discharge contraction. Over the
years, several techniques have been proposed to prevent ex-
cessive gas heating.[*! One of the most efficient methods is to
generate the discharge by applying a pulsed high voltage with
short duration across the electrodes, as the typical timescale
of gas heating is of the order of hundreds of nanoseconds or
longer. Therefore, nanosecond repetitively pulsed (NRP) dis-
charges are of great interest for applications due to their non-
equilibrium state.!®”] Numerous designs of electrode geome-
try have been realized and one of which is the pin-to-pin dis-
charge for it has the simplest electrode configuration and well
reproducible in time and space. [8-10]

In the last two decades, many properties of the pin-to-pin
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NRP discharges have been reported. Pai er al. investigated
the three regimes (corona, glow, and spark) and streamer-to-
spark transition of NRP discharge in air.!”!!l Rusterholtz et
al. verified the fast gas heating mechanism in air discharge oc-
curs at nanosecond time scales due to the dissociative quench-
ing of oxygen by electronically excited states of nitrogen
N, (B/C).!"?! Shao et al. found that the fast runaway electrons
and x-rays produced from the streamer head are benefit to ob-

(131 Huang et al.

tain a diffuse and homogeneous discharge.
studied the effect of the repetition rate on the discharge prop-
erties, which found that the residual charges from previous
discharge pulse play a key role in the breakdown period.!'¥]
Recently a thermal spark discharge in air was generated by
applying a single high voltage pulse.l'>] Previous works on
the discharges in air, nitrogen or noble (He, Ar) gases have
been studied extensively with regard to the time evolution of
the densities of electrons, reactive species (such as oxygen
atoms, excited nitrogen molecules N, (A, B, C) and N, (v), ni-
trogen oxide NO,, OH radicals), the neutral and vibrational

s.[1-191 However, the properties of such micro-

temperature
discharges show steep gradients in both time and space due
to their filamentary in nature, which have significantly im-
pact on the plasma chemistry. In many applications, water
vapor (H,O) is usually added as a reactive gas or already

present in the operation environment as impurity to provide
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a rich source of OH radial which plays a vital role in plasma
chemistry.[3-20211 The specific case of NRP generated in water
containing helium gas is an interesting one due to its low gas
temperature and breakdown voltage, and high electron excita-
tion energy in comparison to other gases.!!”?!1 For He-H,0
mixture, Verreycken et al. studied the kinetics of OH radi-
cal in NRP discharges using spatially resolved laser-induced
fluorescence (LIF) and the plasma parameters (such as elec-
tron density and gas temperature) by means of OES.[1%22! In
these studies, the optical emission is mostly captured from
the center of discharge but there is no description of the spa-
tial distribution of the aforementioned plasma parameters and
excited species. In this work, the temporal evolution of dis-
charge properties along the inter-electrode axis is investigated
in He—-0.5%H,0 mixture pin-to-pin discharges by applying
short overvoltage pulses repetitively. This will provides quan-
titative and qualitative insight into the plasma parameters and
discharge kinetics for better understanding of process of such
nanosecond pulsed micro-discharges.

2. Experimental setup

Figure 1(a) presents a schematic diagram of the experi-
mental setup of the nanosecond pulsed discharge source. The
geometry of the electrodes consists of two tungsten pin elec-
trodes separated by a gap distance of 4.2 mm. The discharge
was produced between the upper and bottom electrodes with
diameters of 1.0 mm and 3.2 mm respectively, which are ta-
pered to sharped tips with a radius of approximately 0.15 mm.
A high-voltage (HV) power supply (NPG-18/3500, Megaim-
pulse: Modern Semi. Technol.) with a fixed pulse ampli-
tude of 16 kV was connected to the upper pin electrode via
a matched 75-Q transmission line and the HV pulses were
triggered by a function generator (Tektronix AFG3022B). A
resistor of 72.5 Q was placed between the bottom electrode
and ground to avoid a short cut.!?*! The voltage applied on the
upper pin was measured by a high voltage probe (Tektronix
P6015A). A Rogowski coil (Pearson electronics 2878) was
employed to record the current through the discharges, which
was placed between bottom pin and resistor. The waveforms
of the applied voltage and current were recorded by a digi-
tal oscilloscope (RIGOL DS 1204B). The time delay between
the voltage and current probes was obtained by recording the
voltage and current curves of a vacuum capacitor. And the
voltage and current probe signals are synchronized by shifting
the current curve of —4.4 ns. In this work, the discharges were
generated in a chamber to avoid air diffusion and the chamber
was pumped down and filled three times with He-0.5%H,0
gas. The gas flow rate was controlled by a mass flow con-
troller (MFC) with a constant value of 1.0 L-min—!. The gas
outlet was opened to the ambient air through an overpressure

valve in order to maintain the pressure of the chamber to be
1 atm (1 atm=1.01325%10° Pa).

Power supply

_~=
inlet a
—_

Spectrometer

Resistance
Current probe

ICCD

Achromatic Filter Monochromator

Discharge lens

Fig. 1. Schematics of (a) experimental setup of pin-to-pin nanosecond
pulsed discharge and (b) the optical emission spectroscopic measurement
scheme.

The axial plane of the pin-to-pin discharge was imaged by
an achromatic lens (UV-NIR Triple Lens, f = 90 mm) on the
entrance slit of monochromator (Andor Shamrock 303i) with
a magnification of 1:1. The entrance slit width was set to be
20 pm. The plasma emission is transmitted to the monochro-
mator equipped with three gratings of 150, 1800, and 2400
grooves/mm, respectively. Then, the time-resolved emission
spectra were recorded by an intensified charged coupled de-
vice (ICCD, Andor iStar DH340T-25U-3). The external trig-
gering signal of the ICCD was synchronized to that of the
power supply by a series of TTL signals from the same func-
tion generator. The instrumental broadening profile was deter-
mined by using a low-pressure mercury—argon lamp (Newport
Model 6035). The wavelength calibration of the spectrome-
ter was also performed by the lamp with several well-known

emission lines given by the NIST database. >4

3. Results and discussion
3.1. Electric properties and time-resolved imaging

Figure 2 displays the applied voltage and total current
waveforms of the discharge. Note that the total current is al-
most entirely conduction current, as the current monitor was
located at the ground electrode shown in Fig. 1. Besides,
the displacement current was measured to be negligible by
applying low voltage pulses without discharge. The voltage
across pin electrodes driven by the high power supply starts
to increase at + = —5 ns with a rise rate of 2.6 kV/ns and
reaches the peak of 16 kV. Within a few nanoseconds, the dis-

charge is ignited by the overvoltage pulse as the breakdown
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field in helium requires just 4.0 kV/cm.[?>26] Then, the dis-
charge current starts to increase and the voltage drops rapidly.
We observed that the current reaches its peak up to ~ 100 A
during the second half of the voltage, which is characteristic
of spark discharges.”! From Fig. 2, a weaker secondary dis-
charge pulse is generated at ¢ = 35 ns after the primary pulse.
This is attributed to the fact that the primary pulse reflects
from discharge to the generator and then towards back to the
electrodes.!?®! Since the length of the coaxial cable is about
3 m, the propagation time through the cable filled with teflon
as insulator is estimated to be ~ 32 ns, which is consistent with
the time interval between two pulses. The energy coupled to
the discharge by the primary and secondary pulses is estimated
to be approximately 1.30 mJ and 0.18 mJ respectively, which
is typical for NRP discharges in spark regime.

20 —v 1150

— —
o o o
Current (A)

Applied voltage (kV)
o

. v
5 TS N N T

—-10 0 10 20 30 40 50 60
Time (ns)

Fig. 2. Applied voltage and current waveforms for the nanosecond pulsed
discharge.

The time-resolved images of the pin-to-pin discharges in
He—0.5%H,0 gases are captured by the ICCD camera with an
exposure time of 5 ns as presented in Fig. 3. The first observ-
able light at the initial breakdown (¢ < 5 ns) shows that the
spark discharge fills the gap with a strong emission intensity.
The dynamics evolution of the streamer propagation followed
by spark discharge across the gap is almost indistinguishable
with a gate time of 5 ns, since the propagation velocity of ion-
ization front is higher up to 10°> m/s.[>”! The optical emission
of discharge is only detected during the period of current pulse
(t < 15 ns), presenting a homogeneous filament. And due to
the high electric field near the tips, ions and electrons could be
accelerated toward the cathode and anode respectively, which
produces a large amount of secondary electrons accompanying
with a high current of 100 A. Afterward (¢ < 15 ns), the emis-
sion intensity of discharge shrinks into two small bright balls.
And a secondary discharge is observed at 35 ns < ¢ < 40 ns,
corresponding to the secondary current peak shown in Fig. 2.
Figure 3(b) displays the light intensity as a function of time
along the inter-electrode axis. It is clear that the emission in-
tensity integrated over 5 ns is uniform across the discharge
gap, which is similar to the results for the spark discharge in

air.l]

o (b) ——5 ns
'g 6L — - -10 ns
:f 15 ns
2 1 -=-- 20 ns
= ;oA i\
t /]
2 o4r I|I II, ¢
5 E, ! ¥ ]
g P 4
) P R L
= bt L
g 2r : I| i AR wpd™ il
F ' A Il ||
= ] \ , ;
g AN 2 N
| 0 E”.Poqltlv.e- it il g .Grcl)unC.i <
0 1 2 3 4 5

Distance (mm)

Fig. 3. (a) Time-resolved images of nanosecond pulsed discharge in He—
0.5%H,0 gas. The optical emission pattern is accumulated over 200 dis-
charges, the gate width is 5 ns and the gain is kept constant. The time indi-
cated in each picture corresponds to the delay time of ICCD. The emission
intensities in all images are normalized for the same intensity scale. (b)
Emission intensity along the inter-electrode axis for different delay time.
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Fig. 4. Calibrated overview spectra of the He+0.5% H,O nanosecond
pulsed discharges in the range of 250 nm to 750 nm recorded with a gate
of 5 ns at 10 ns and 55 ns, respectively.

In Fig. 4, overview emission spectra between 250 nm and
750 nm are recorded with a grating of 150 g/mm from the bulk
of discharge at 10 ns and 55 ns, and the spectral-sensitivity
calibration is performed using a standard light source (Ener-
getiq EQ-99). During the discharge phase ( = 10 ns), the
spectrum is covered by the neutral atomic helium and hydro-
gen lines, and OH(A-X) band. Besides, strong continuum
emission from the bremsstrahlung of electron is detected due
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to the high electron density.[>3! In the recombination phase
(t =55 ns), emission from helium atomic and molecular bands
become weak, but the intensity of OH(A-X) and hydrogen
lines (Hg and Hp) are still strong.

3.2. Gas temperature

The gas temperature T, which represents the kinetic en-
ergy of heavy particles (e.g., helium atoms and ions), is one of
the most fundamental parameters. The measurements of gas
temperature are usually performed by fitting the ro-vibrational
emission spectra of diatomic species to obtain the rotational
temperature 7;.1*8] In water containing helium discharges, the
emission of OH(AZXT-X2I1, 0-0) band with its bandhead
at 309 nm is the most often used candidate for estimating
7.9 However, in many cases, the excited state OH(A) is
not directly excited by the electron impact excitation with the
ground state OH(X), so the nascent rotational distribution of
OH(A) is not a mapping of its ground state.’®! As for high
pressure, the rotational levels of the excited state could be
thermalized by collisions with the neutral gas, provided the
rotational-translational energy transfer time is shorter than the
effective lifetime of the excited state.

In this section, the rotational population of OH(A) state is
represented by a superposition of two Boltzmann distributions
as

[Ny(A)] o< R(2J'+1) /T exp (—Fp /ks TH)
+(1=R) (27 +1) /T exp (—Fp /keT), (1)

where J’ is the rotation quantum number of the upper state, R
is the fraction of the population of the OH(A) with high ro-
tational temperature, Fy is the rotational energy of level J’,
TH, and T are the rotational temperatures of the high and
low temperature components of OH(A) which represent the
high and low rotational excited OH(A) characterized by two-
temperature Boltzmann distribution. This behavior is related
to the formation and relaxation processes of OH(A). Then, the
emission intensity of OH(A—X, 0-0) can be given by?8!
Lea < hc/l Ap g [NJ/ (A)}

@Pins(AL) ~ Lt (A, T, T- R, A1) )

here Ay is the Einstein emission coefficient, £ is the Planck
constant, A is the wavelength of the rotational transition, and
&5 is the line profile function. As shown in Fig. 5, a fit of
the observed OH(AZX XTI, 0-0) spectra with a synthetic
spectra is performed, assuming a two-temperature rotational
population distribution. The fitting is carried out using the
nonlinear curve-fitting function FIT in the CURVE FITTING
TOOLBOX of MATLAB. The values of T/, T-, and R are
obtained simultaneously by using the method of least squares.

In Fig. 5, it is clear that the rotational distribution deviates
significantly from equilibrium as the population of high tem-
perature component of OH(A) accounts for 77% of the total
population, which can be attributed to two aspects. On the one
hand, the quenching rate constant for OH(A) by H,O is four
orders of magnitude larger than that by helium atoms.?8! In
spite of very low concentration of water added, the effective
lifetime of OH(A) reduces significantly from several hundred
ns to ten nanoseconds. On the other, the rate coefficient of
the rotational energy transfer (RET) of OH(A) decreases dra-
matically with the increase of the rotational quantum number
J', which means that the high rotational levels cannot achieve
the state of translation-rotational equilibrium. >l With the in-
creasing of J' from 0 to 10, the ratio of the effective lifetime
and the RET time constant (7./RET) decreases from 12 to
2, as listed in Table 1. It is verified in the literature that the
low part of rotational temperature 7;" is a good estimate of gas
temperature due to the faster RET rate of low rotational levels,
ie., Ty= T\

1.0f — Measured - T}, =443+35 K
CRASHAed b = 46764450 K
0.8} [l R=0.77+0.02

e 2
=)

e
o

Intensity (arb. units)

[en]

308 309 310 311 312

Wavelength (nm)

306 307

Fig. 5. Best fit of the experimental measured and synthetic spectra of the
OH(A-X) transition with minimum residual of the fit.

Table 1. The time constants of effective lifetime and RET of OH(A)
molecule in helium+0.5% water discharge for different rotational quan-
tum numbers. The effective lifetime and the RET are calculated by Tefr =
1/ (kjonme + ki3, onmy0 + T%49) and RET = 1/(kRE npe + kESnm,0). 2%

Rotational quantum  Ter (ns) RET (ns)  7.s/RET
J' <5 10.4 0.9 ~ 12
He+0.5%H,0 L
J'>10 15.5 7.8 <2

The time-resolved gas temperature of discharge at mid-
gap determined from T, of OH(A) is illustrated in Fig. 6. The
gas temperature during the discharge pulse remains 425 K with
a maximum error of 50 K. A simplified model for the gas heat-
ing in nanosecond pulsed discharges proposed by Pai er al.
is employed to estimate the upper limit of gas temperature.[’]
Assuming that the energy of discharge is converted totally into
gas heating and this process is infinitely fast and adiabatic, the
temperature of neutral gas can be given as!%¢]

ol X 100%
B VCVPO

with the discharge energy &g = 1.48 mJ (in Subsection 3.1),
the density of helium p, = 0.1249 kg-m~3, the specific heat

Tgmax + Tgl‘OOm (3 )
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capacity of helium gas Cy = 5193.2 J-kg~!-K~!, the room
temperature 7,°°"™ ~ 300 K. The volume of discharge V' is cal-
culated by assuming a cylindrical volume V = 7R?D, where R
is obtained from the HWHM of the plasma emission in Fig. 3.
Taking these parameters into Eq. (3), the maximum gas tem-
perature cannot exceed ~ 720 K. From Fig. 6, there is no sig-
nificant gas heating during the discharge pulse which is in con-
trast to the spark discharge in air. Similar results have also
been reported by Verreycken et al.!'”! and Chen et al.*®) in
nanosecond pulsed helium discharges driven by a low voltage.

550
< 500t
8
£ 450
: }
[oh)
£ 400+
g
g
O 3501
300 I 1 I 1 I 1 I 1
0 10 20 30 40
Time (ns)

Fig. 6. Time evolution of the gas temperature in the center of the nanosecond
pulsed discharges.

3.3. Electron density

The Stark broadening of atomic lines is the most often
used technique for determining the electron number density

.30l A shown in Fig. 4,

in atmospheric pressure discharge
the intensity of Hg line is too weak to be detected during
the discharge pulse, thus another Balmer line Hy at A =
656.3 nm and helium line at A = 667.8 nm are employed to
extract the Stark broadening width. The Voigt shape of atomic
line is a convolution of the Gaussian and Lorentzian com-
ponents, where the Gaussian part originates from the instru-
mental and Doppler broadenings,*’! being given by Adg =
(AA7 +AA3)!/2, and the Lorentzian part is mainly ascribed to
the van der Waals broadening, resonance broadening and Stark
broadening, AAL = AAyay + AAR + AAs. The full width at half
maximum (FWHM) of Doppler broadening is a temperature
dependent parameter with AAp (Hy) = 4.7 X 10*4Tg1/ % and
AAp (He) = 2.39 x 10’4Tg1/2. The resonance FWHM of He
I line is calculated by AAg (He) = 26.26/7,, while that of H,
is negligible, AAg(Hg) ~ 0.1 For the van der Waals broad-
ening, one obtains the FWHM relation as Ady,, = C/ Tg0'7,
where C takes the values of 2.42 and 1.79 for Hy and He
lines, respectively.l’!! Substituting the gas temperature into
the above expressions, one obtains the calculated FWHMs of
these broadening mechanisms, as listed in Table 2. It is noted
that even in the case of discharges driven by a high voltage
pulse, the broadening of Hy due to the Stark effect of external
electric field (< 80 kV-cm™!) is negligible. %]

Then, the Stark FWHMs of H, and He I lines are ob-
tained by deconvolving the experimental line profiles using a
Voigt function. Two examples of the fitting of Hy, and He 1
lines are illustrated in Fig. 7. The Stark broadening formula
of Hy line is derived from the tabulated values of FWHMs
in Ref. [32] for the electron temperature of 1 eV and reduced
mass u* = 10, given by

ne = 1315 x 1024137, 4)

where Ag and . are in units of nm and m~3, respectively. %]

From Fig. 7(a) the electron density is determined to be 4.96 x
10> m—3 by substituting the Stark FWHM of Hy, Adg =
0.522 nm into Eq. (4). In Fig. 7(b), the Stark broadening of He
I at 667.8 nm is also applied to check n. obtained by Hy. For
an electron density of 1022 m—3-10%* m—3, the Stark broaden-
ing formula for He I is given by Ref. [30] and #, is estimated to
be 4.66 x 10?2 m~3. The results indicate that the electron den-
sity obtained from these two lines correspond well with each
other.

Table 2. Calculated full widths at half maximum (FWHMs) of different
broadenings for Hy and He lines with 7y = 425 K and p = 1 atm.

AA (nm) Instrumental Doppler Resonance van der Waals —Stark

Hqy 0.010 -

0115 0.035
0.005 0.062

0.026

0.522

H6657 nm 0.455

10b Q@ H, measured (a)
Voigt fitting

0.8 L FWHM = 0.522 nm
Ne =4.96X1022 m—3

0.61

041

0.2

Normalized intensity

1 1 1 1 1
654 655 656 657 658
Wavelength (nm)

® He I@667.8 nm (b)
Voigt fitting ¢

FWHM =0.455 nm § ¢
M ne=4.66X1022 m—3 g

1.0

0.8

0.6

0.4

Normalized intensity

0.2

666 667 668 669
Wavelength (nm)

Fig. 7. Line profile of the Voigt fit of (a) Hy, and (b) He I lines at 667.8 nm
measured at = 5 ns.

The temporal evolution of electron density along the
inter-electrode axis by means of the Hy Stark broadening
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technique is depicted in Fig. 8. During the initial discharge
phase (f < 10 ns), the axial profiles of n. are uniform (~
1 x 10> m~3) across the gap. Then, the n. profile becomes
non-uniform characterized by two maxima located in the re-
gion near the electrodes. Furthermore, we can observe that the
electron density near the cathode is higher than that near the
anode, which could be attributed to the secondary electrons by
ion bombardment. This is in agreement with the results for air
spark discharges measured by the Mach—Zehnder laser inter-

ferometer when the discharge is fully formed. 33!
Anode %1023 m—3
2
5
~ 1
g 4
g
Z 0 3
Q
—1 2
92 1
10 20 30 40 50 60
Cathode Time (ns)

Fig. 8. Temporal and spatial evolutions of the electron density during the
discharge pulses in He—0.5%H,0 nanosecond pulsed discharges. The an-
ode is at the top of the image.

3.4. Emission spectra of the excited species and discharge
kinetics

Figure 9 shows the time and space resolved emission in-
tensity of the excited levels of helium. During the discharge
onset, the emission of helium is found to be strong and uni-
form along the inter-electrode axis which is similar to the pro-
file of electron density (see Fig. 8), but a peak in He emission
intensity is clearly observed at r = 5 ns despite the fact that
the electron density do not reach its maximum value. This
suggests that the excited helium atoms He* are predominantly
populated by the direct electron impact excitation (e + He —
e + He*) when the electron temperature is high due to the
high electric field. Meanwhile, the conductive channel across
the gap has built up accompanying with the current peak as
shown in Fig. 2. Afterward, the emission intensity of helium
decreases rapidly and shrinks to the tips of electrodes espe-
cially the cathode where the electron density is locally higher.
Another possible reason is that a strong light scattering re-
flected from the surface of the thicker cathode electrode. In
addition, the optical emission of He in this case is only ob-
served during the discharge pulse and early afterglow, which is
quite different from that observed in helium or in helium with
0.05% H,0 mixture.[3* In these case, we saw an increase in
He emission again when the discharge is switched off with a
fluorescence decay time of several hundred nanoseconds. It is
obvious that these different behaviors is related to the addition
of water molecules as will be discussed later.

The spatio-temporal evolution of the emission intensities
of OH(A-X) bandhead at 309 nm and Hy line at 656 nm is

plotted in Fig. 10. Both the OH(A-X) and Hy emission show
peaks during the recombination phase, which is in contrast to
the emission of He shown in Fig. 9. As the applied voltage
declines, the electrons cool down resulting in an increase in
OH(A-X) and H, emission by electron-ion recombination.

He I(335—2%P) 706.5 nm x10°
2
6
1 5
g 4
Z 0 3
Q
1 2
1

10 20 30 40 50 60 70
Time (ns)
He 1(3'S—2!P) 728.1 nm

10 20 30 40 50 60 70
Time (ns)

Fig. 9. Temporal and spatial evolutions of the emission intensities of neutral
helium lines from different transitions at 706.5 nm and 728.1 nm along the
inter-electrode axis during the discharge pulse. The anode is at the top in
both images.
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Fig. 10. Time resolved axial profiles of the emission intensity of OH(A-X)
at 309 nm and Hy at 656.1 nm along the inter-electrode axis for the He—
0.5%H,0 nanosecond pulsed discharges.

However, there are some differences between them as fol-
lows: (i) the OH emission could be observed during the dis-
charge (r < 10 ns), while the Hy emission is almost unde-
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tectable; (ii) the maximum in OH emission is produced in the
early afterglow, which precedes the maximum in Hy emission;
(iii) the OH emission originates mainly from the center of dis-
charge channel both during and after the discharge, but the Hy,
emission is from the region near the electrodes in the recom-
bination phase, especially the cathode.

The spatially homogeneous emission of OH(A-X) and
Hy during the discharge is similar to the profile of electron
density, when the electric field is high. This indicates that
OH(A) and H(n =3) are mainly produced by the direct dis-

sociative electron excitation of HyQ:[28]
e+H,0 — e+ OH(A/X)+H, R1
and direct excitation from their ground states:
e+ OH(X) — e+ OH(A), R2
e+H—e+H (n=23). R3

Since the excitation energy of H (n = 3) (12 eV) is much
larger than that of OH(A) (4 eV), the production of H (n = 3)
is more difficult than OH(A), and as a result the H, emission
is very weak during the discharge.

In helium discharges without water vapor, the He emis-
sion could last for several hundred nanoseconds in the after-
glow (not shown here). Besides, the helium molecular band
He,(e’TI, —a®%;)) ranging from 462 nm to 469 nm is de-
tected in the spectra. These He* and Hej in the afterglow
are mainly produced by the dissociative recombination reac-
tions of helium molecular ions, e.g., e + Hezr — He* + He and
e+He+ H62+ — He3 4 He, since He™ is readily converted
into He] and He via three body collisions (see R1 in Ta-
ble 3).3%1 However, when 0.5%H,0 is added to helium gas, in
our case, both the He and He; emission disappeared in the af-
terglow. It is inferred that even if He™ and Hez+ ions produced
are comparable to the electron density they will be quenched
rapidly by water molecules.

Table 3. Main reactions for the loss of helium ions in He-0.5%H,0
nanosecond pulsed discharges.

Rate coefficient

No. Reactions 6 1 5 _;, Refs.
(m°s~' orm’-s7 ")

R4 He" +2He—Hej +He 1.4x 10~ [35]

HT+OH+He 2.0x 10710 [35,36]
+ -16

RS Het+HyO— OH' +H+He 29x10 [35,36]
H,O%+He 6.0 x 10717 [35,36]
HT+OH(A)+He 5.0x 1071 [35,36]

R6 He; +H,0 — products 1.2x10°1 [36]

In the case of He—0.5%H,0 discharge, the dominant ion
produced initially is still He™, rather than HyO™, for the ion-
ization rate of He is higher than that of H,O.3*! The loss of
He™ ions, apart from electron-ion recombination reactions,
could be the charge transfer reactions R4 and R5. The rates
for these reactions can be estimated by V| = kynf nye+, and
Vo = kynm,onpe+ respectively, where k} is the total rate co-
efficient of R5.1%% In our experimental conditions, the value

of v; is approximately equal to V,, which indicates that He™
is quenched by H,O as fast as it is converted into Hez+. Fur-
thermore, the Hej ions will also be quenched rapidly by the
charge transfer reaction R6, which is an order of magnitude
faster than RS, to produce H", OH™, and H,O™ ions. Conse-
quently, the addition of H,O provides an important loss chan-
nel of He™ ions that should be responsible for the disappear-
ance of He* and He} emissions during the afterglow.

As a result of the fast charge transfer reactions, a large
amount of ionized water fragments (OH', HT) and water ions
(H,O0™) will be produced during the discharge. The rates for
RS suggest that the production of water fragments is more
likely than water ions. However, it is verified in the work of
Verreycken et al. that the charge transfer processes of H' and
OH™ ions with water molecules followed by dissociative re-
combination seems to be important in the production of OH
in the afterglow.[**! When the applied voltage collapses, the
electron temperature decreases drastically to the temperature
of neutral gas with a decay time within ~ 10 ns as the fre-
quency of electron energy transfer in atmospheric helium is
about 10® s~1.[28] Hence, in the early afterglow, both the (dis-
sociative) electron excitation (R1) and electron—ion recom-
bination reactions (R7, R8) contribute to the production of
OH(A), resulting in the maximum of OH(A-X) emission dur-
ing the second half of the voltage pulse.

There are several processes that can produce hydrogen
atoms in the recombination phase, as list in Table 4. The re-
actions R7 and R8 can a priori be excluded as the available
energy are 7.5 eV at most, which is not enough to excite the
upper level of H(n = 3). The significant Hy, emission can thus
only be created by the three-body electron—atomic ion recom-
bination R9. Since the rate coefficient of R9 is proportional to
T3, the H(n = 3) production depends strongly on the elec-
tron temperature and so the H, emission peak lags behind the
OH(A-X) emission peak.

Table 4. Main reactions for the electron—ion recombination in the after-
glow.

Rate coefficient

No. Reactions Refs.
(m®-s~!orm3s71)

R7  etH,0t 5 OHAX)+H  5.1x10747 2 [3435)]

R8 etH;0" — OH(A)+Ho2H  1.05x10~ 137,12 [34]

R9 2e+Ht — e+H* 8.8x1073¥T, 45 [34,35]

The spatial profiles of OH(A-X) and Hy emission infer
that the plasma kinetics are strongly dependent on the axial
position, as shown in Fig. 11. Similar mechanism is responsi-
ble for the dip in the radial profile of OH density in the mid-
gap as discussed in the work of Verreycken et al.3*37] In the
vicinity of electrodes where the electric field and electron tem-
perature are higher, the water molecules could be dissociated
more highly than in the mid-gap. Correspondingly, the dis-
charge products in the region near the electrodes are dominant
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by water fragments (H and O atoms) and their ions, while in
the mid-gap the water ions and its clusters (H,O", H30™) are
more abundant. Consequently, the production of OH(A) in
the mid-gap is more likely than the production of H(n = 3).
As reaction R9 shows a quadratic dependence on the electron
density, significant Hy emission is detected near the cathode
where the electron density is much higher as shown in Fig. 8.

Fig. 11. Schematic drawing of the plasma kinetics of H,O that are pro-
posed to explain the observed spatial profile of OH(A-X) and Hy emission
in Fig. 10.

4. Conclusion and perspectives

The nanosecond pulsed pin-to-pin micro-discharge is pro-
duced in helium gas with water containing of 0.5% at atmo-
spheric pressure. The temporal and spatial evolutions of the
discharge characteristics are investigated by means of the op-
tical imaging and optical emission spectroscopy. A uniform
emission profile in space is observed at the initial phase of dis-
charge. The population of OH(A%X", v = 0) deviates from the
Boltzmann distribution, which is attributed to the fact that the
water molecules could reduce the effective lifetime of OH(A)
significantly and the RET time constant decreases with the in-
creasing of rotational quantum number. The gas temperature
is extracted by a two-temperature fitting of the ro-vibrational
OH(A-X) band and remains to be low at 425 K. The electron
density measured by the Stark broadening of Hy and He is
found to be uniform across the gap at the initial of discharge
for ne ~ 1 x 10%* m—3, and afterward shrinks to the tips of
cathode and anode due to the secondary electron emission in-
duced by the bombardment of helium ions and electrons. The
evolution of He emission is similar to that of electron density,
which indicates that the excited helium atoms are produced
dominantly by the electron impact excitation. The production
of OH(A) is attributed to the charge transfer between H,O and
helium ions and subsequent the dissociative electron recombi-
nation of water ions, resulting in its maximum intensity in the

early afterglow and the disappearance of the emission from
helium and its molecules. The maximum in H, emission dur-
ing the recombination phase indicates that the exited H atoms
are produced by electron—ion recombination of H". Accord-
ing to the spatial profiles of OH(A-X) and H, emission, the
water molecules near the electrodes are more easily to be dis-
sociated into ionized water fragments (H™ and O™) than in
the centre of discharge due to the higher electric field, which
means that the discharge in the region near the electrodes is
atomic. Since the production rate of excited H atoms is pro-
portional to the square of electron density, the intensity of Hy
is much stronger near the electrodes, especially the cathode.
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