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Reaction frequency of solvated electrons in water interacting with
atmospheric-pressure helium plasma jet

Yoshinobu Inagaki' * and Koichi Sasaki' '

I Division of Applied Quantum Science and Engineering, Hokkaido University, Sapporo 060-8628, Japan

We employed the charge transfer to solvent (CTTS) transition of iodine negative ions to investigate the reactivity of
solvated electrons in water interacting with an atmospheric-pressure helium plasma jet. A dye laser pulse at 225
nm was injected into the solution of potassium iodide, which was irradiated with an atmospheric-pressure helium
plasma jet, and the reaction frequency of solvated electrons produced by the CTTS transition was measured by
optical absorption spectroscopy. We observed the temporal and spatial variations of the reaction frequency of sol-
vated electrons. We found that the reaction frequency of solvated electrons was determined by the concentrations
of dissolved oxygen and hydrogen peroxide. We detected a high reaction frequency of solvated electrons in the
limited depth region from the solution surface, indicating that hydrogen peroxide is localized near the plasma-liquid

interface.

1. Introduction

With the expansion of new plasma applications such as water treatment,') medicine,*®
agriculture,”” and analysis,'%'?) there has been increasing interest in plasma-liquid interac-
tion. In particular, in recent years, there have been increasing challenges for chemical reactions
that cannot be seen in either the plasma (gas) phase or the bulk of the liquid phase.!® 'V It
is believed that the unique reactions are originated from the limited region near the plasma-
liquid interface. It is speculated that reactive chemical species are concentrated in the limited
depth region just below the interface, and they promote the unique reaction processes. The
solvated electron is one of such reactive species. The solvated electron is a peculiar electron
surrounded by oriented water molecules, and has been studied as one of the simplest quantum
solutes since it was first observed in pulse radiolysis in 1962.'> Many efforts have been paid
for understanding the structure and dynamics of solvated electrons in radiation chemistry and
biology to unravel the detailed mechanism of genetic damage.!6~1®)

In plasma chemistry, solvated electrons were first detected near the interface between
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plasma and liquid,'> 2 and a recent research suggests that they may be involved in vari-
ous reaction processes of plasma-liquid interaction.'” However, many hypotheses that are
supposed in numerical simulations of plasma-liquid interaction have not been examined by
experiments because of the lack of techniques to measure the reactivity of solvated electrons.
This is due to the difficulty in the detection of solvated electrons in liquids interacting with
plasmas. Rumbach and coworkers succeeded in the detection of hydrated electrons by optical
absorption spectroscopy using the total reflection geometry at the plasma-water interface.'*-2%)
However, this measurement may need delicate optimization of the experimental system, since
the vibration of the plasma-water interface may cause serious noise. Probably due to the
experimental difficulty, we cannot find further progress in the detection of solvated electrons
in liquids interacting with plasmas.

The fundamental reaction processes of solvated electrons are investigated intensively in the
field of radiation chemistry using pulse radiolysis. This is a kind of the pump-probe experiment
employing a high-energy (~ 40 MeV) electron accelerator. Solvated electrons are produced
instantaneously by pulsed electron impact ionization of the solution, and the temporal decay
of the concentration of solvated electrons is measured by optical absorption spectroscopy.
However, it is not an easy task to combine an experiment of plasma chemistry with the
pulse radiolysis system because of the limited access to the large-scale electron accelerator.
In contrast, a similar pump-probe experiment is possible by pulsed laser photolysis, where
solvated electrons are produced by photodetachment of solvated halogen and pseudohalogen
negative ions.”!) The production process is called the charge transfer to solvent (CTTS)
transition. When a pulsed laser with a duration of ~ 10 ns is employed for the light source,
the temporal decay of the solvated electron density is measured by the same manner as that in
the pulse radiolysis.

In a previous work,”? we adopted the CTTS transition of iodine negative ions (I”) to
examine the reaction frequency of solvated electrons in an ionic liquid (N,N,N-trimethyl-N-
propylammonium bis (trifluoromethylsulfonyl) imide) interacting with a low-pressure argon,
oxygen, and nitrogen plasmas. In this work, we carried out a similar experiment in water
interacting with an atmospheric-pressure helium plasma jet. We examined the reaction fre-
quency of solvated electrons as a function of the depth from the plasma-liquid interface, and
we discussed scavenger chemicals for solvated electrons in water interacting with a helium

plasma jet.
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2. Experimental method
The experimental setup is schematically shown in Fig. 1. Figure 1(a) was used for the majority
of experiments, and we used Fig. 1(b) only for examining the variation of the reaction
frequency as a function of the depth from the plasma-liquid interface. The helium plasma
jet was generated by dielectric barrier discharge (DBD) in a quartz tube with 4 mm inner
diameter. Helium was fed into the quartz tube at a flow rate of 3-9 Lmin~!. Two electrodes
were attached on the outside of the quartz tube. An electrode was connected to a high-voltage
power supply. The high voltage from the power supply was a bipolar square wave with a voltage
of 16-25 kV (peak to peak) and a frequency of 1 kHz. The other electrode was connected to
the electrical ground. A quartz cuvette which was filled with potassium iodide (KI) solution
was placed at a distance of 10 mm from the end of the quartz tube. The volume of the cuvette
was 4.5 mL. We prepared three types of water: ultrapure water (Fujifilm Wako Pure Chemical
Corporation), purified water (Asone A300), and tap water (sampled in Hokkaido University).
KI was mixed into the water at a concentration of 0.01-0.04 mM. To measure the concentration
of dissolved oxygen in the solution, we used a polarographic oxygen meter (Lutron Electronic
Enterprise Co., LTD., DO-5519E). When we needed to decrease the concentration of dissolved
oxygen in the water, we bubbled nitrogen into the KI solution for 10 min. A concentration
of approximately 0.03 mM was possible for dissolved oxygen by the nitrogen bubbling. The
differences in Fig. 1(b) from Fig. 1(a) were to employ a funnel which kept a larger amount
(60 mL) of KI solution and to provide the flow of sheath oxygen gas around the helium flow.
The funnel with a larger amount of KI solution was useful to keep the distance between the
solution surface and the end of the quartz tube. The distance was increased with time when
the funnel was not employed, since the evaporation of water by the plasma irradiation was not
negligible.

To produce solvated electrons, the cuvette with the KI solution was irradiated with a dye
laser (Sirah Lasertechnik, CobraStretch) pulse at a wavelength of 225 nm. The duration of
the laser pulse was 8 ns. lodine negative ions (I7) in the solution were excited to the CTTS

band by absorbing laser photons (I + hv — I™*), and solvated electrons were produced from

*a*-1+ e;olv).ZI) Optical absorption spectroscopy was adopted for detecting solvated
electrons. The light source in absorption spectroscopy was a diode laser (Toptica Photonics,
DL100) at a wavelength of 777 nm in all the experiments except the measurement of the
absorption spectrum. The dye and diode laser beams were overlapped on the same optical

axis using a dichroic mirror. The dye laser beam was terminated using a colored glass plate,
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whereas the diode laser beam was detected using a fast Si photodiode (Thorlab, PDA10A2)
with a rise time constant of 2.3 ns. The electrical signal from the photodiode was connected
to an oscilloscope (Tektronix Inc., DPO2024), and the temporal variation of the transmitted
diode laser intensity was recorded after averaging the signal for 16 laser shots to compensate
the shot-to-shot reproducibility. We needed to measure the absorption spectrum to confirm that
the optical absorption is caused by solvated electrons. The absorption spectrum was measured
by using a continuum Xe lamp (Hamamatsu Photonics K.K., L.2273) as the light source. The
Xe lamp light transmitted through the cuvette was introduced into a monochromator, and the

transmitted intensities at various wavelengths were measured using a photomultiplier tube.

3. Results

3.1 Absorbance waveform and spectrum

The typical temporal variations of the absorbance, which is defined by — logio(l/lo) with Io
and It being the intensities of incident and transmitted Xe lamp light, respectively, are shown
in Fig. 2. The origin of the horizontal axis corresponds to the time when the dye laser pulse
irradiated the KI solution. We observed the quick increase in the absorbance at the timing of
the laser irradiation. The decay of the absorbance observed at 600 nm was approximated well
by an exponential function, as shown by the red curve in Fig. 2. On the other hand, we found
that the absorbance waveform observed at 780 nm was not approximated by an exponential
function. The deviation from the exponential function was apparently seen at a long delay time
(t > 2 us). We confirmed that the absorbance spectrum at the tail (¢ = 10 us) in Fig. 2 agreed
with the absorption spectrum of I 23 Hence, the optical absorption at the long delay time
was attributed partly to I, which was produced by I + I" — ;. Atomic iodine (I) is a product
of the CTTS transition. According to a reaction kinetic study,”® the frequency of I + I~ — I
is estimated to be 7 X 10° s™! at the experimental condition. Hence, the concentration of I
was low for a short period after the irradiation of the dye laser pulse, and we approximated
the absorbance waveform at 0 < t < 2 us by an exponential function, as shown by the blue
curve in Fig. 2. The time constant of the blue exponential function thus determined agreed
with that of the red curve. The amplitude of the absorbance waveform is plotted in Fig. 3
as a function of the wavelength. The solid curve shows the absorbance spectrum of solvated
electrons in water.?>2%) Since the experimental spectrum agrees with the absorbance spectrum
of solvated electrons in water, it is confirmed that the optical absorption is due to solvated
electrons produced via the CTTS transition of I™.

We used the diode laser at 777 nm for measuring the absorbance waveform in all the
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experiments except the measurement of the absorption spectrum, since it gave us a higher
signal-to-noise ratio than the Xe lamp. The optical absorption at 777 nm is dominated by
solvated electrons at the short delay time, as described above. According to the Lambert-
Beer law, the absorbance waveform represents the temporal variation of the concentration
of solvated electrons. Hence, we deduced the reaction frequency or the reciprocal of the
lifetime of solvated electrons by fitting a part (0 < t < 2 us) of the absorbance waveform
with an exponential function. Figure 4 shows the reaction frequency of solvated electrons
in the KI solution as a function of the concentration of dissolved oxygen. The plasma jet
was not irradiated. As shown in the figure, we observed no significant difference in the
reaction frequencies of solvated electrons in the three types of water with different purity.
The experimental result suggests that the reaction frequency of solvated electrons in the KI
solution is determined by the concentration of dissolved oxygen. The role of dissolved oxygen
as a scavenger chemical for solvated electrons will be discussed later.

3.2 Temporal variation of reaction frequency

We observed the temporal variation in the reaction frequency of solvated electrons after the
initiation of the plasma irradiation, as shown in Fig. 5. The distance between the solution

I and

surface and the measurement position was 10 mm. The flow rate of helium was 3 Lmin™
the oxygen sheath gas was not applied in this experiment. It is noted here that the direction
of the temporal variation was remarkably dependent on the initial concentration of dissolved
oxygen. When the initial concentration of dissolved oxygen was high (when the nitrogen
bubbling was not applied), as shown in Fig. 5(a), we observed the temporal decrease in
the reaction frequency of solvated electrons by the irradiation of the helium plasma jet at a
discharge voltage of 24 kV. We also observed the slight decrease in the reaction frequency
of solvated electrons when the solution surface was exposed to the helium flow. In contrast,
when the initial concentration of dissolved oxygen was minimized by the nitrogen bubbling,
we observed the linear increase in the reaction frequency of solvated electrons, as shown in
Fig. 5(b). The slope of the increase was 1.5X10° s™'min~!. This result indicates the production
of a scavenger chemical for solvated electrons by the plasma irradiation.

Figure 6 shows the temporal variations of the reaction frequency for a longer time scale.
The reaction frequencies observed at two KI concentrations are plotted in the same figure.
The initial concentration of dissolved oxygen was minimized by the nitrogen bubbling. The
discharge voltage and the flow rate of helium were 24 kV and 3 Lmin~!, respectively. As

shown in the figure, the slope of the linear increase in the reaction frequency was independent
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of the KI concentration. The increase in the reaction frequency continued for 40 min after the
initiation of the plasma irradiation, and after that, we observed a constant reaction frequency
of (6 — 7) X 10°s~!. We terminated the plasma irradiation at 60 min, and after that we did not
observe the temporal decrease in the reaction frequency, as shown in Fig. 6, even though we
continued the helium flow after the termination of the discharge.

3.3 Influence of discharge parameters

Figure 7 shows the difference between the initial reaction frequency and the reaction fre-
quencies at 5 and 10 min after the initiation of the plasma irradiation as a function of the
discharge voltage. The initial concentration of dissolved oxygen was minimized by the ni-
trogen bubbling, and the flow rate of helium was 3 Lmin~!. We observed the steep increase
in the reaction frequency difference with the discharge voltage, as shown in Fig. 7. Figure 8
shows the difference between the initial reaction frequency and the reaction frequency at 10
min after the initiation of the plasma irradiation as a function of the helium flow rate. The
discharge voltage was 24 kV. As shown in the figure, we observed the decrease in the reaction
frequency difference with the helium flow rate.

3.4 Spatial variation of reaction frequency

We examined the reaction frequency of solvated electrons as a function of the depth from the
solution surface, as shown in Fig. 9. The origin of the horizontal axis is the bottom of the
concave meniscus. This experiment was carried out using the apparatus shown in Fig. 1(b).
The dye and diode laser beams passed through an iris with a diameter of 0.4 mm to realize
a fine spatial resolution. The discharge voltage was 24 kV, and the flow rates of helium and
oxygen were 3 Lmin~'. The measurements shown in Figs. 9(a) and 9(b) were completed within
10 and 5 min, respectively, after the initiation of the plasma irradiation. It was observed that
the reaction frequency in the apparatus shown in Fig. 1(b) was higher than that in Fig. 1(a)
in the case without the plasma irradiation, even when we applied the nitrogen bubbling. The
experimental result shown in Fig. 9(a) was obtained when the oxygen sheath gas was switched
off, i.e., the solution surface was irradiated with the helium flow and the helium plasma jet.
The reaction frequency of solvated electrons was low in the region near the solution surface
(< 1 mm) exposed to the helium flow. We observed the enhancement of the reaction frequency
by the plasma irradiation, especially in the region near the solution surface. On the other hand,
the depth profile of the reaction frequency was roughly flat when the solution surface was
exposed to the flows of helium and oxygen, as shown in Fig. 9(b). When the solution was

irradiated with the plasma jet, we found a thin region with a higher reaction frequency of
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solvated electrons just below the plasma-liquid interface. The depth of the region with the
higher reaction frequency was approximately 0.2 mm. The reaction frequency in the bulk of
the KI solution was not affected by the plasma irradiation when we used the apparatus shown
in Fig. 1(b).

4. Discussion

4.1 Absolute concentration of solvated electrons

The absolute concentration of solvated electrons produced by the CTTS transition is readily
obtained using the Lambert-Beer law with the knowledge of the absorption coefficient. Ac-
cording to the absorption coefficient of 1.9 X 10* M~'em™! at 720 nm,?” the concentration
of solvated electrons corresponding to the absorbance of 0.1 is 5.2 uM. All the experiments
in the present work were carried out at the concentrations of solvated electrons below 5
uM. This concentration is more than one order of magnitude lower than the concentration
of dissolved oxygen. In addition, the reaction rate coefficient for a second-order reaction
+e_, +2H20 — Hz2 + 20H is 1.1 X 10! M~!s7! (see Table I),2”) corresponding to the

€ solv

solv
reaction frequency on the order of 10* s™!. These are the reasons for the exponential decrease
shown in Fig. 2 or the first-order kinetics of solvated electrons, and in this case the reaction
frequency deduced from the exponential curve represents the product of the concentration of
the scavenger chemical and the reaction rate coefficient.

4.2 Scavenger chemicals of solvated electrons

The possible scavenger chemicals and their reaction rate coefficients are listed in Table 1.2”)
The table includes original chemicals in the KI solution and possible reaction products by the
plasma-liquid interaction. Short-lived species are excluded from Table I, since we observed the
slow increase in the reaction frequency (the slope of the increase was 1.5 X 10° s~ 'min~!) and
the constant reaction frequency after the termination of the plasma irradiation. It is understood
from Table I that dissolved oxygen can work as the dominant scavenger chemical in the KI
solution at a concentration less than 0.04 mM. The solid line illustrated in Fig. 2 represents
the reaction frequency predicted by the rate coefficient of e, + O2 — O, . The agreement
between the experimental results and the value predicted by the rate coefficient indicates the
domination of dissolved oxygen in the loss process of solvated electrons in the KI solution.
The decrease in the reaction frequency by the exposure to the helium flow (Fig. 5(a)) can be
understood by the decrease in the concentration of dissolved oxygen. Similar phenomena have
already been discussed in some papers.?®2%)

Ogawa and coworkers reported the production rates of stable chemicals in water irradiated
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with a helium plasma jet, as shown in Table I1.3” The volume of the cuvette they used in
their experiment was the same as that in our experiment. They observed the decrease in the
concentration of dissolved oxygen by the plasma irradiation. The loss rate was dependent
on the initial concentration of dissolved oxygen. Our experimental result shown in Fig. 5(a),
which shows the decrease in the reaction frequency of solvated electrons with time when
the nitrogen bubbling is not applied, is consistent with the decrease in the concentration
of dissolved oxygen by the plasma irradiation. On the other hand, we should suppose the
production of other scavenger chemicals to explain the increase in the reaction frequency of
solvated electrons when the initial concentration of dissolved oxygen is minimized (Figs. 5(b)
and 6). Ogawa and coworkers reported the production rates of H202, NO;, and NOj as
shown in Table II. Table II also shows the products of the production rates P and the rate
coefficients k of their reactions with solvated electrons. These values predict the increase rates
in the reaction frequency of solvated electrons. Therefore, on the basis of the observation by
Ogawa and coworkers, it is considered that H202 is the most important scavenger chemical
for solvated electrons in water irradiated with the helium plasma jet. The increase rate in the

“Imin~!) corresponds to 1.4X107> Mmin~! for the

reaction frequency we observed (1.5%10° s
production rate of H202, which agrees with the value shown in Table II within a factor of 2.3.
The steep increase in the reaction frequency difference with the discharge voltage (Fig. 7) is
explained by the increase in the concentration of H202. The decrease in the reaction frequency
difference with the helium flow rate (Fig. 8) is also reasonable, since the sources of H20O2 are
considered to be molecular oxygen and water vapor admixed into the helium plasma jet from
ambient air. We observed the increase in the reaction frequency even when we applied the
oxygen sheath gas (Fig. 9(b)), suggesting that nitrogen oxides are less important than H20>
as scavenger chemicals for solvated electrons.

The depth profiles of the reaction frequency of solvated electrons, which are shown in
Fig. 9, are also understood by the reactions with dissolved oxygen and H202. The higher
reaction frequency in the apparatus shown in Fig. 1(b) than Fig. 1(a) is due to a higher
concentration of dissolved oxygen in the KI solution which is kept in the large-volume
funnel. The depth profile in the absence of the plasma jet is determined by the profile of the
concentration of dissolved oxygen. The concentration of dissolved oxygen near the solution
surface is low when the solution surface is exposed to the helium flow (Fig. 9(a)), whereas
it becomes flat when the solution surface is exposed to the flows of helium and oxygen
(Fig. 9(b)). The irradiation of the plasma jet enhanced the reaction frequency near the solution

surface, indicating that H2O2 has a high concentration in the limited depth region from the
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solution surface. This is reasonable since the production processes of H20: are the transport
from the plasma and the reaction OH + OH — H:O: at the plasma-liquid interface. The
volume-averaged H2O2 concentration is lower in the apparatus shown in Fig. 1(b) because of
the larger volume of the solution. This is the reason why the reaction frequency in the bulk of
the solution is not affected by the plasma irradiation.

4.3 Influence of Ki

We should discuss the influence of KI on the reaction kinetics of solvated electrons, since
KI is admixed into water as the source of solvated electrons but it is not present in the
normal plasma-liquid interaction. The direct influence is the reactions with I~ and other
iodine compounds. For example, the production of I3 is observed in a Kl-starch solution
irradiated with an atmospheric-pressure plasma jet,>") and the reaction rate coefficient of
I5 is relatively large in the chemicals listed in Table I. However, we observed the same
reaction frequency of solvated electrons at different KI concentrations, as shown in Fig. 6.
Since the KI concentration in the present experiment was 0.01-0.04 mM, considering the
rate coefficients listed in Table I, iodine compounds cannot be major scavenger chemicals for
solvated electrons. Another possibility of the influence of KI on the reaction kinetics is the
reaction between H202 and I" (H202 + 2H" + 31" — 2H20 + I3). However, this possibility
is basically denied by Fig. 6, where we observed the same reaction frequency at different
KI concentrations. In addition, we estimated the effective reaction rate coefficient for the
H202 + 1™ reaction at the experimental conditions (the solution temperature between 15 and
25 °C and the pH value between 6 and 8) by referring to literature.’® The estimated rate
coefficient was ~ 0.5 M~!s™!, corresponding to a reaction rate of ~ 3 X 10~/ Mmin~' for
H202 and I™ concentrations being 0.5 and 0.02 mM, respectively. The H202 concentration
of 0.5 mM is the value at 30 min after the initiation of the plasma irradiation. Since the
reaction rate of ~ 3 X 10~ Mmin~!is much lower than the production rate of H202, the H202

concentration is not affected by the reaction with 1.

5. Conclusions

In this work, we employed the CTTS transition of I to investigate the reaction frequency of
solvated electrons in water interacting with an atmospheric-pressure helium plasma jet. The
reaction frequency of solvated electrons was determined by the concentrations of dissolved
oxygen and H20:. The plasma irradiation had opposite effects on dissolved oxygen and H20x.
We observed the decrease in the reaction frequency of solvated electrons or the decrease in

the concentration of dissolved oxygen, when the initial concentration of dissolved oxygen was
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high. In contrast, when the initial concentration of dissolved oxygen was low, we observed
the increase in the reaction frequency due to the production of H202 by the plasma-liquid
interaction. We detected a high reaction frequency of solvated electrons in the limited depth
region from the solution surface, indicating that H2O:z is localized near the plasma-liquid

interface.
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Table I. Rate coefficients k for reactions between solvated electrons and various chemicals.?”
Chemical Rate coefficient k (M~'s™")

H* 23 x 100

H,O 1.9 x 10!

H,0, 1.1 x 1010

HOI 2.0 X 100
1~ <24 x10°
L, 53 x 10
I; 3.5x 10!

10~ 1.6 x 10'°

10; 7.8 X 10°

K" < 5% 10°

NO; 4.1 x 10°

NO; 9.7 X 10°

(0)3 1.9 x 100

13
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Table Il.  Production rates P of H>O2, NO;, NO3, and O; reported by Ogawa and coworkers.*® The products
of the production rates P and their rate coefficients k for their reactions with solvated electron are also listed.

Chemical Production rate P (Mmin~!)3? kP (s"'min~")
H,0, 58 x107° 6.4 x 10*
NO; 9.4 x 1077 3.8x 103
NO; 7.0 x 1077 6.8 x 10°

0, -31x 107 < P < 0* -59 % 10° < kP < 0*

*Depends on concentration
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Fig. 1. Experimental setup.
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Fig. 2. Temporal variations of absorbances at 600 and 780 nm. The dye laser pulse is injected at t = 0 us.

The solid curves show the fitting between the experimental data at 0 < t < 2 us and exponential functions.
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Fig. 3. Relationship between the peak absorbance and the wavelength. The solid curve is the absorbance

spectrum of solvated electrons in water at 298 K.25-20)
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Fig. 4. Reaction frequency of solvated electrons as a function of the concentration of dissolved oxygen. The

solid line represents the reaction frequency predicted by the rate coefficient of e, + O2 — O5.
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Fig. 5. Temporal variations of the reaction frequency of solvated electrons after the initiation of the plasma
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irradiation. The nitrogen bubbling was not applied in (a), whereas the concentration of dissolved oxygen was

minimized by the nitrogen bubbling in (b).
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Fig. 6. Temporal variations of the reaction frequency of solvated electrons during the plasma irradiation and

after the termination of the plasma irradiation. The duration of the plasma irradiation was 60 min. Reaction

frequencies observed at two KI concentrations are plotted.

20



Jpn. J. Appl. Phys. REGULAR PAPER

N

o | ® 5 min
T °F ® 10 min +}
> 4 5
2 + +
=) |
805 ]
¢
£05 L

5 10 15 20 25
Discharge voltage (kV)

o

Fig. 7. Difference between the initial reaction frequency and the reaction frequencies at 5 and 10 min after

the initiation of the plasma irradiation as a function of the discharge voltage.
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Fig. 8. Difference between the initial reaction frequency and the reaction frequency at 10 min after the

initiation of the plasma irradiation as a function of the flow rate of helium.
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Fig. 9. Depth profiles of the reaction frequency of solvated electrons. (a) was obtained in the presence and
absence of the plasma irradiation when the oxygen sheath gas around the helium flow was not applied. (b) was
obtained by the similar experiment to (a) but the oxygen sheath gas around the helium flow was applied.
Measurements shown in (a) and (b) were completed within 10 and 5 min, respectively, after the initiation of the

plasma irradiation.
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