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Abstract. Reactive species created by a microhollow cathode discharge (MHCD) in He+H>O mixtures
were investigated at 160 Torr using the molecular beam mass spectrometry. lon fluxes of He™, HeH™, O,
OH*, H*(H20), and H*(H20), were measured as functions of H,O concentration (0.07-3.7%) and
discharge current Iy (5-15 mA). When the concentration exceeds 1.5%, most of the ions were decreased,
but H*(H2O): (cluster ion) significantly increased at I;=5 mA, whose ion flux was low compared with those
of other ions. With increasing 4, the cluster ion showed a sharp decrease, while the other ions were almost
constant. These features were reasonably explained by the increase of the gas temperature and the plasma
rarefaction due to the Joule heating of the working gas.
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1. Introduction

In recent years radicals and ions created in non-thermal plasmas including water vapours, e.g., H, O, OH,
and cluster ions [H*(H20)m, O2(H20)a], have been gaining attention, because they can efficiently sterilize
surfaces [1], medical instruments [2], ait [3], food [4] and living tissues [5]. Microhollow cathode discharge
(MHCD) is one of the most efficient ways to generate such plasmas in various kinds of gases at
atmospheric pressure because of frequent collisions of high-density energetic electrons with gas molecules
in the cathode cavity [0].

For a wide variety of applications of the MHCD plasmas, a large amount of reactive species should be
generated at high efficiency. For this purpose, nonequilibrium high-density plasmas with a long-reaction
cavity that ensures a long residence time of the working gas flow are required. Recently, we have found that
the use of a microhollow cathode with a long cavity satisfying 2<I./D<6 (L: length, D: diameter) enables us
to generate stable negative glow plasmas over a wide range of working gas pressures up to atmospheric
pressure, even under high-current-discharge conditions [7]. Moreover, the optical emission spectroscopy
revealed that the plasma had high electron density of (2-5) X 10'* ¢cm 3 and low gas temperature of 400-800
K [8]. However, no systematic investigation has been done on reactive species generated in such high-
density microplasmas. On the other hand, Bruggeman ez a/. have measured the reactive species generated in
low density RF microplasmas using the optical emission spectroscopy and the molecular beam mass
spectrometry, and examined their generation mechanisms using the Global model [9].

In this study, reactive species produced by a long-cavity MHCD in He+H>O mixtures wete
investigated through the molecular beam mass spectrometry. Ion fluxes for various species were measured
as functions of HyO concentration and discharge current. On the basis of the observed dependences and
discharge characteristics, atomic and molecular processes associated with the formation of the reactive
species will be discussed.

2. Experimental

A sandwich-structured MHCD plasma source and a quadrupole mass spectrometer (QMS) are sketched in
Fig. 1. The source, composed of three discs (a cathode of 2 mm thick, a ceramic spacer of 0.5 mm thick,
and an anode of 1 mm thick), has a hole with a diameter of 0.4 mm. A flow of He-water-vapor mixture gas
obtained by bubbling at room temperature (297 K) was provided at a constant rate of 0.2 L/min through
the hole of electrodes. The gas pressure was kept constant at 160 Torr. The concentration of HO in the
gas mixture was determined by using the internal ionization sources of QMS (ULVAC, CGM-052) in
residual gas analysis mode. The discharge was operated with a DC voltage at a given discharge current Iy
between 5 to 15 mA using a power supply with a ballast resistor 7.3 kQ to generate MHCD.

For coupling to mass spectrometry, the vacuum chamber for QMS was differentially pumped by two-
stage inlet system which were pumped down to 0.3 Torr and 1X105 Torr. The ions from the plasma are
extracted through a skimmer cone installed at 5 mm from the edge of hollow cathode. The skimmer cone
forms a molecular beam that minimizes the collisions of the sampled particles with each other [9]. The
beam is directed into QMS, where the ions from the plasma are separated on the basis of their mass-to-
charge ratio and a detector receives an ion signal proportional to the flux. It is noted that the internal
ionization sources of QMS was not used in this measurement.
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Fig. 1. Experimental setup.
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3. Results and Discussion

3.1. Discharge Characteristics

Figure 2(a) presents the sustaining voltage, 17, as a function of H2O concentration under a constant
discharge current. The obtained 5was constant in the low concentration region, but increased remarkably
when the concentration exceeded 0.27%. It is considered that the plasma resistance was increased, because
negative ions were created in the plasma by the dissociative electron attachment with increasing water
molecules [8, 10]. Figure 2(b) shows the ;-1 characteristics along with the input power under a constant
H2O concentration of 3.7%.

350 — e 5mA . 450 S 1 7
-y a)l” g — ®— Sustaining voltage
Z. ( ) —s—15mA .Z. 400 (b)* — o— Power 6
) ° )
g %0 A1 2350 15
= //{. % 300 -‘l—l—ll—l\||—l—ll—l7<.:.__4 E
> 250t el l = e -
(=) //-/ (@] g [<%]
c u-e c 250 . 3 2
= . Lo~ = " S
"C-‘L: 2001 Cem LI ..__~/// | % 200 = 2
@ @ 150 37%HO0| 1!
150 ' ; 100 0
0.1 1 4 6 8 10 12 14 16

H,O concentration in He+H,O (%) Discharge current [mA]

Fig. 2. Discharge characteristics: (a) sustaining voltage as a function of the H>O concentration in
He+H>O and (b) sustaining voltage and input power as a function of discharge current for 3.7%
H,O.

3.2 Mass Spectra of Generated Ions

Typical mass spectra of ions generated in MHCD under the conditions of (a) 0.07% H>O and (b) 1.5%
H>O in He+H>O mixtures are shown in Fig. 3. In the case of low concentration, positive ions, He™, HeH™,
He,*, OF, OH*, and H»O", were observed, which were associated with constituent components of the
mixture gas. In the case of high concentration, their ion fluxes were remarkably increased, and larger ions of
H*H20), HO2*, H2O»>" and H*(H2O)2 newly emerged. It should be noted that H*(H2O)n, type cluster ions
are generated by hydration at this stage
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Mass spectra of positive ions observed under discharge conditions of (a) 5 mA, 207 V for 0.07%
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3.3. Dependence of Positive Ion Flux on H>O Concentration

In Fig. 4, ion fluxes observed at [i=5 mA are depicted as a function of the H>O concentration in He+H>O.
In the low concentration region (0.07—0.27%) where the gas pressure and 1 are kept almost constant, the
fluxes of all ions are constant up to 0.17%, but show remarkable changes above 0.17%: Fluxes for He* and
ions associated with He gas, Hex™ and HeH?, steeply decrease up to 0.27%, whereas, those of the other
ions, generated from H,O, show gradual increase with H>O concentration. This difference may result from
that the increase of H>O in He gas reduces the He' production, because the cross section of electron
impact ionization of H,O [10] is much lager than that of He [11], for example, the value for He* is ~1/50
for HoO* at T.~25 eV, where T is the electron temperature.
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Fig. 4. Relative ion flux as a function of the H>O concentration in He+H,O at a discharge current of 5
mA and sustaining voltage of 200 to 296 V.

In the region of 0.27—1.0% all ion fluxes increased super-linearly with H>O concentration. In this region,
/s also increases considerably with H>O concentration, as shown in Fig. 2 (a). This suggests that the
electron temperature increases, and then the cross sections for their electron impact ion generation steeply
increase with Te.

When the H2O concentration exceeds 1.5%, the ion fluxes of almost all ions tend to decrease, although
I still increases. This is possibly due to the decrease in the reaction cross-sections and the annihilation of
their positive ions by recombining with negative ions, such as H-, O, and OH~. However, only H*(H>O); is
significantly increased, while H*(H2O) is decreased. Considering that H4O,* was undetectable, the
formation mechanism for H*(H 20)2 is probably in the following:

H,O++ H,O— H*(H,0) + OH [Reoct=1.85% 10 cm? s, @

H+*(H20) + Ho O + M = H*(H2O)2 + M [Reoet=3.2X1027 (1,/300)+ cmS s1], @)
where, Reocer and Tyare the rate coefficient and the gas temperature, respectively, and M means a third body
(abundant neutral species, e.g., He) [12].

Figure 5 shows ion fluxes observed at [;=15 mA as a function of H>O concentration. Ion flux reduction
observed above 1.1% is similar to the case of 5 mA discharge. However, it should be emphasized that
H*(H20)2 was not observed, different from the 5 mA discharge case. The reason will be explained in
section 3.4.
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Fig. 5. Relative ion flux as a function of HO concentration in He+H>O at a discharge current of 15 mA
and sustaining voltage of 199 to 309 V.
3.4. Dependence of Positive Ion Flux on Discharge Current

Ion fluxes at 3.7% H»O in He+H>O are depicted as a function of Iy in Fig. 6. Most of ions showed
constant or gradually decreasing ion flux with respect to Is. Only H*(H20): ions exhibited remarkable
decrease. These features can be explained by the increase in T, due to the Joule heating of the working gas
[13]. As mentioned in section 3.3, the ions are formed from H*(H»O) according to the reaction (2), in
which the reaction rate is dependent on Ty when T, increases, the formation rate will decrease. The
efficiency of the production by the hydration of H*(H20O), 1(ls), is defined as the ratio of ion flux of
H*H20), to that of H*HO) at a given ls. If we assume To(5 mA)=300 K, then T,(12 mA) can be
estimated to be ~700 K by putting the ratio of 7(12 mA) to 7(5 mA) equal to (1,/300)*. The ratio, Ty(12
mA)/Ty(5 mA), is in good agreement with that in the corresponding input electrical power [see Fig. 2(b)].
This suggests that the Joule heating can also cause thermal expansion of plasma volume which is
proportional to T, (rarefaction), since the gas pressure is constant. Consequently, the ion fluxes of He*, O,
OH™, H>O", and H*(H2O) were kept almost constant in spite of increasing Iy, as shown in Fig. 6.
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Relative ion flux as a function of discharge current for 3.7% H>O in He+H,O.
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4. Conclusion

Reactive species created by micro-hollow cathode discharges in He+H>O mixtures were investigated at 160
Torr using the molecular beam mass spectrometry. Ion fluxes of He*, HeH*, Of, OH*, H*(H:0), and
H*(H20), were measured as functions of HoO concentration (0.07-3.7%) and discharge current Iy (5-15
mA). The fluxes of O, OH*, and H*(H20) increased steeply with H>O concentration from 0.19 up to
1.5%. Their increases are attributed to the increase of electron temperature due to the increase in sustaining
voltage 1/, which may be caused by the decrease of free electrons through the electron attachment process.
Exceeding 1.5%, their ion fluxes gradually decreased, although 1 still increased. On the other hand, a
cluster ion, H*(H>O)2, emerged at 0.9% and significantly increased up to 3.7%, whose ion flux was
considerably low compared with those of dominant ions. We found that this ion was generated by the
hydration of H*(H20) according to the reaction (2). With increasing Iy at 3.7%, the cluster ion showed a
sharp decrease, while the other ions gradually decreased. These phenomena were reasonably explained by
the increase of the gas temperature and plasma rarefaction caused by the Joule heating of the working gas.
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