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Fig. 8. (Color online) The total spectral intensity for all 13 spectral
profiles at three different times (0, 30, and 60s) from the ignition of the
discharge.

(Fig. 5), and this is a case for all other emissions detailed in
Fig. 3. Figure 8 shows the absolute spectral intensities as a
function of the rf power, processing time and the energy of
the upper energy levels.

The spectra’s intensities shown in Fig. 8 stay almost
constant up to 60 s time period investigated, which indicates
a high degree of plasma stability, and this is clearly very
important for any technological application. The difference in
the intensities of the excited plasma species in Fig. 8 were
probably related to their different life spans and the energy
thresholds. The peak intensity, in Fig. 8 of 8¢V, gives an
indication of the dynamics of energetic electrons. This
suggests that the profiles of excited plasma species may be
influenced by both their lifetimes and the dynamics of
energetic electrons.
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Fig. 9. (Color online) Temporal oxygen spectral emission: solid line,
t = 0s; doted line, ¢t = 30s; dashed line, 1 = 60s.

The optical emission spectrum (Fig. 3) consists of, atomic 2
and molecular oxygen, as well as helium, hydrogen and 2
nitrogen species emissions. Oxygen could come from the 2
ambient air, the He—O, gas mixture or from H,O dissociation. 2
Electron impact excitation of molecular oxygen, at low 2
collision energies, is of particular importance because of its 2
role in atmospheric physics. Transitions between the X*% 2
ground state and the two lowest a' A, and b' T electronically 2
excited states are forbidden by optical dipole selection rules. z
However the transitions occur as a result of higher-order 2
interactions. The metastable b'Z, state is important because
of its long lifetime of 75.%*) It also permits the production of =
sufficient numbers of atomic oxygen to enable the study of s
excited molecular species by means of collision scattering s
experiments. The very long lifetime of the molecular oxygen s«
metastable molecule makes its quenching very efficient. The s5
quenching of singlet molecular oxygen involves the deacti-
vation of the excited state of the molecule.'” Deactivation
can be accomplished by either physical or chemical s
quenching. Physical quenching only results in the deactiva- s
tion of singlet oxygen to its ground state, with no oxygen
consumption or product formation. In contrast chemical
quenching results in singlet oxygen reactions with quencher :-
R to produce RO, The two major mechanisms of '0; «
quenching are known to be energy transfer and charge -
transfer quenching. s

Energy transfer quenching is the reverse reaction through
which singlet oxygen is formed.?® It involves formation of «
triplet quencher and ground state oxygen (‘O,+Q—
302 + Q). 49

Charge transfer quenching involves the interaction be- so
tween the electron-deficient 'O, molecule and electron s
donors to form a charge transfer complex.?”) Intersystem s
crossing restrictions are relaxed in the complex,'®” which can s:
then dissociate into donor and ground state oxygen. The =
spectral radiation based on this mechanism includes: 0,760, ss
0615, 0777, and O845 emissions. Figure 9 presents the s
atomic and molecular oxygen emission in the respect to the s
He706 emission. It can be observed that the temporal s
emission profile of the O777 and O845 in this figure is s
different to that of nitrogen and helium. The weak temporal «
dependence of the O777 and 0845 emission pattern suggests e
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that O(°P) and O(’P) are mainly populated by the direct
excitation of atoms by electron impact, with a lifetime of
upper energy levels of 29 and 32ns respectively. Under-
pinning that He706 emissions, detected in helium discharges
with a small concentration of impurities, can be used to
indicate the presence of energetic electrons. The O777 and
0845 cannot be created by a dissociative recombination with
the ground state O,* because the rate is strongly peaked
toward low energy electrons’®® and there is insufficient
energy for these to produce the excited atoms of interest
since the difference between the ionization potential of O,
2 (12.07¢V) and the bond dissociative energy (5.09 eV)?? is
substantially less than the atomic excitation energy (11eV)
for the O(°P) and O(°P) states. Another option for the creation
of 0777 and 0845 is the dissociative excitation of the
molecular oxygen. The emission of 0,760 is almost constant
with time and with the rf power, and it does not follow the
trends of the O777 and O845 emissions (see Fig. 6). The
o slopes of the O777 and 0845 are an order of magnitude
a0 greater than the 0,760 slope. The similar trends of these
emissions are also recorded in Fig. 9. It is concluded from
this study that the general interpretation that a dissociative
molecule oxygen excitation is the dominant mechanism for
an 0777 emission, and the atomic oxygen excitation is much
more important for an 0845 emission,”® was found not to be
the case for a high helium flow rate plasma source. Another
» possible channel for creation of 0777 and 0845 could also
be radiative cascading from the higher, exited levels in an
oxygen atom.®) The 0615 spectral line has an upper energy
level lifetime of 43 ns, while its lower energy level is the
same as the upper energy level of O777. The intensity of
22 0615 is insensitive to the change of rf power or the
processing time (Fig. 6). This similar dependence could be
a¢ seen in Fig. 9 for this emission. This indicates that the direct
excitation of an oxygen atom to a high laying energy level
s (4d °D°) by high energetic electrons, is not important for
57 creating this (O615) emission. Thus the only mechanism
important for the creation of oxygen radicals in the states
3p P and p “P, in a high flow helium atmospheric plasma
«» discharge, is a direct excitation of atoms by high energetic
electrons (the He706 emission pattern). In Fig. 9 the
minimum ratio, recorded at 180 W, could be attributed to a
change (increase or decrease) in 7. (i.e., EEDF) or to a
change in helium metastable kinetics. Namely, the Xo/
He706 increase suggests that the electron energy distribution
shifted towards a higher energy value. Electron energy
distribution changes affect the dissociation coefficient of the
oxygen molecule.”” Thus, this electron energy distribution
change, induced by the addition of oxygen flow to the fixed
so helium flow, introduced the change in atomic oxygen in the

51 plasma.

The OH band (A%?X*, v = 0-X2I1, v = 0) was inves-
52 tigated and shows a red degradation with main band head at
308.986 nm.”) The OH radicals could be produced through
H,0 dissociation or/and is produced in the isothermal flow
plasma jet by the reaction H + NO; — NO + OH, where the
H atoms are formed by the plasma discharge of highly humid

s« ambient air and helium mixtures. The second channel is

mostly unlikely since the high helium flow rate limits the
importance of nitrogen. Since the dissociation of molecules

st (H,0) is most likely described by the gas kinetic temperature,
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Fig. 10. (Color online) Temporal OH309 and H656 spectral emissions:
a solid line, 1 = 0s; a doted line, ¢ = 30s; a dashed line, 1 = 60s.

the radical OH can be used as an indication of temperature in z
an ambient gas plasma discharge.’” The OH309 emission 2
described in this work is used for gas temperature measure- 2
ment and was benchmarked against infrared thermal imagin- z
ing'? and the gas temperature was in the range 40-70°C. 2
Overall the OH band (A2Xt, v=0-X?TI, v/ =0) was 2
observed to be very sensitive/accurate for a plasma gas 2
temperature in the range of 300-6000 K. Quantification of 2
OH radicals in atmospheric pressure plasma jets can be useful z
for the understanding of OH formation mechanisms and 2z
plasma generation. OH radicals exist at a relatively large =
distance from a main plasma plume of atmospheric pressure =
helium plasma jets.'" Figure 10 shows the ratio of both the =
OH and H spectral intensities to He706. =

With increases of rf power, as well with processing time,
the intensities of OH309 (not shown) has a £50% fluctuation s
around mean value of 0.25mW/cm?, during the same time :
the H656 (not shown) spectral intensity monotonously s
increases four times. By dividing these intensities by the s
He706 emission intensity (which represents high energy =
electrons) the graph in Fig. 10 was generated. This shows a «
monotonic decrease in the ratio of the intensities of OH309 «
(no intensity fluctuation) and a very small increase in the «
H656 signal. The energy required for a H,O dissociation
is 5.03eV and the product of this dissociation is an OH
molecule and a hydrogen atom. Figure 10 suggests that the s
electron energy distribution function is shifted towards a

higher energy. a1
4. Conclusion

Open air plasma discharges are widely used for surface s
activation and cleaning. The reactive species created in these s
discharges could have a significant impact on technology s
processes and on the environment. Electrical discharges in s
ambient air produce some very (potentially) hazardous s
species such as: NO,, OH*, H*, 0%, O3, and/or H;0,. From ss
this study it was concluded that helium atmospheric plasma ss
jets, with a high gas flow rates, are more stable (no arcing) s
and they do not depend on impurities (N3, O, ...) to sustain ss
the plasma discharge. Nitrogen contamination increases the s
gas temperature due to its lower heat conductivity than that of &
a helium atom. In an optimized helium gas flow, a plasma &
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discharge has no turbulent flow, i.e., the plasma jet is stable
and quiet. The large applicator head allows a laminar flow of
gas which is well structured, with a hot and bright core.
Moreover, the small amount of O, added to the plasma
forming gas (helium) causes the plasma length to be reduced
to couple of millimeters.

In the vast majority of helium discharges in ambient air,
emission spectra clearly show the efficiency of helium to
excite the impurities absorbed on electrodes, or existing as
traces within an atmosphere. In this work, with a high helium
gas flow rate, the significance of spectral emissions other
than the helium atom is observed to be unimportant.
Wavelength resolved optical emission profiles suggest that,
the helium emission indicates that high energy electrons
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