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Abstract 

The distribution of ozone (O3) concentration generated by atmospheric-pressure argon (Ar) plasma jet 
irradiation was visualized using test strips. The O3 test strips become brown in the presence of O3, enabling the 
O3 concentration to be easily determined on the basis of thedarkness of the color. An Ar plasma jet generated 
with a frequency of 10 kHz, an applied voltage of 10 kV, and an Ar gas flow rate of 10 L/min was ejected into 
the air in the form of an inverse cone with a length of approximately 15 mm and a maximum diameter of 6 mm. 
After plasma jet ejection for 1 s, the color of the O3 test strips turned brown (>210 μg/m3) except in the region 
of the plasma jet (inverted triangle). This result indicates that O3 was generated in the region where the plasma 
came into contact with the air. 

The results of this study suggested that the distribution of the O3 concentration generated by 
atmospheric-pressure Ar plasma jet irradiation is dependent on the plasma ejection/irradiation duration, 
irradiation distance, and applied voltage. 
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1. Introduction 
 

Research is being carried out on the application of 

atmospheric-pressure plasma in the surface treatment of solid 

materials 1-6), water purification 7-10), and the inactivation of 

bacteria and fungi 11-15).  Recently, active research on the plasma 
has been carried out on a wide variety of biomedical applications 16-19)

 including wound healing 20-23), cancer cell treatment 24-26), and the 

introduction of genes and drug molecules into cells 27-31).  It is 

known that ozone (O3) is generated owing to the introduction of 

plasma in the air.  O3 is generated because high-energy electrons 

in the plasma collide with oxygen (O2) molecules in the air and the 

oxygen (O) atoms produced by the dissociation of the O2 molecule 

bind to another O2 molecule 32, 33).  O3 is one of the reactive 

oxygen species (ROS) and has a high oxidation-reduction potential 

of 2.07 V 34, 35), thereby easily oxidizing objects.  This oxidizing 

power is useful in various fields of research. 

The concentration of O3 generated when an 

atmospheric-pressure plasma jet is ejected into the air is measured 

by ultraviolet (UV) absorption 36-40), an O3 monitor 41), and 

molecular beam mass spectrometry (MBMS) 42).  The distribution 

of the O3 concentration was studied by Winter et al. by means of 

UV absorption using a deuterium (D2) lamp, a monochromator, an 

imaging spectrometer, and an intensified charge-coupled device 

(iCCD) camera 38).  It was also studied by Zhang et al. by means 

of UV absorption using a mercury (Hg) lamp, a monochromator, 

and a photomultiplier 39). 

As explained above, there have been reports on the distribution 

of the O3 concentration when an atmospheric-pressure plasma jet is 

ejected into the air.  However, the suggested measurement 

methods require much equipment and time.  In addition, the 

distribution of the concentration of O3 existing on the surface of an 

object when it is irradiated with an atmospheric-pressure plasma jet 

has not been measured. 

In our previous study, we measured the distribution of the 

concentration of hydrogen peroxide (H2O2) generated by 

atmospheric-pressure argon (Ar) plasma jet irradiation using H2O2 
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test strips 43).  H2O2 is also an ROS with an oxidation-reduction 

potential of 1.77 V 34).  The color of the H2O2 test strips turns blue 

in the presence of H2O2, and the concentration of H2O2 can be 

simply determined on the basis of the darkness of the color.  In 

that study, it was found that the distribution of the H2O2 

concentration is dependent on irradiation duration, irradiation 

distance, and applied voltage. Test strips for the simple 

measurement of the O3 concentration are commercially available.  

The color of the test strips turns brown in the presence of O3, and 

the O3 concentration can be determined on the basis of the darkness 

of the color.  The principle of the color reaction is due to the 

oxidation of the colorless iodide on O3 test strips to brown iodine 

induced by O3.  There have been no reports on visualizing the 

distribution of O3 concentration obtained using O3 test strips to the 

best of our knowledge. 

In this study, using O3 test strips, we tried to visualizethe 

dependences of the O3 concentration on plasma ejection/irradiation 

duration, irradiation distance, and applied voltage when an 

atmospheric-pressure Ar plasma jet is ejected into the air or when 

an object is irradiated with an atmospheric-pressure Ar plasma jet. 

 
2. Experimental Methods 

 

Figure 1 shows a schematic of the experimental setup used in 

this study.  In the unit used to generate a plasma jet, a copper tube 

(inner diameter, 4 mm; outer diameter, 6 mm) as the discharge 

electrode was inserted into a dielectric quartz tube (length, 50 mm; 

inner diameter, 6 mm; outer diameter, 8 mm), around which a 

copper foil (thickness, 0.05 mm; width, 10 mm) was wrapped as 

the ground electrode 44).  A high AC voltage was applied to the 

electrodes to induce a dielectric barrier discharge inside the quartz 

tube between the electrodes and to convert the Ar gas into plasma, 

which was then ejected into the air in the form of a jet.  A 

high-voltage power supply (LHV-10AC, Logy Electric Co., Ltd.) 

was used to generate the Ar plasma jet (frequency, 10 kHz; applied 

voltage, 3–10 kV; Ar gas flow rate, 10 L/min).  The gas flow rate 

was adjusted using a gas flow meter (RK-1250, Kofloc Kyoto, 

Kojima Instruments Inc.).  The voltage and current were 

measured using a high-voltage probe (P6015A, Tektronix, Inc.) and 

a current probe (A621, Tektronix, Inc.), respectively, which were 

both connected to a digital oscilloscope (TDS1001B, Tektronix, 

Inc.). 

The plasma jet irradiated in the container made of transparent 
acrylic resin.  The dimensions of the container are 120 (W) × 100 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 1 Schematic of experimental setup. 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Color chart of O3 test strip. 
 
 
 
 
 
 
 
 
 

(a)                     (b) 
Fig. 3 Photographs of O3 test strips during measurement of 

distribution of O3 concentration 

(a) Ejection into air and (b) Irradiation onto object. 

 

 

(D) × 180 (H) mm3.  The front side of the container is open.  The 

height of the sample stage is variable in the range of 60–110 mm. 

O3 test strips (Macherey-Nagel) were used to determine the O3 

concentration.  Figure 2 shows the color chart of the O3 test strips.  

The color of the O3 test strips turns brown in the presence of O3, 

and the O3 concentration can be determined in four levels (<90, 

90–150, 150–210, and >210 μg/m3) on the basis of the darkness of 

the color. 
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(a)                   (b)                       (c)                      (d)                       (e) 
Fig. 4  Photographs of atmospheric-pressure Ar plasma jet ejected into air and O3 test strips for different irradiation durations (applied voltage, 

10 kV; Ar gas flow rate, 10 L/min)  (a) Plasma jet, (b) Before ejection, (c) Ejection for 1 s, (d) Ejection for 10 s, and (e) Ejection for 30 s. 

 

 

Figure 3 shows photographs of the O3 test strips during the 

measurement of the distribution of the O3 concentration.  When 

the plasma jet was ejected into the air [Fig. 3(a)], a total of 16 (4 × 

4) O3 test strips (dimensions of one test strip, 8 × 10 mm2; 

dimensions of 16 test strips, 32 × 40 mm2) were arranged and set 

up vertically immediately below the center of the quartz tube.  

When the plasma jet was irradiated onto an object [Fig. 3(b)], a 

total of 16 (4 × 4) O3 test strips were placed immediately below the 

quartz tube. 

 

3. Results and Discussion 

 

3.1 Ejection of atmospheric-pressure Ar plasma jet into air 

3.1.1 Dependence of distribution of O3 concentrationon plasma 

ejection duration 

Figure 4 shows photographs of the atmospheric-pressure Ar 

plasma jet ejected into the air and O3 test strips for different plasma 

ejection durations.  When an Ar plasma jet was generated with an 

applied voltage of 10 kV and an Ar gas flow rate of 10 L/min, an 

atmospheric-pressure Ar plasma jet with an inverse cone shape 

having a length of ~15 mm and a maximum diameter of 6 mm was 

ejected into the air [Fig. 4(a)].  As shown in Fig. 4(b), the color of 

the O3 test strips remained white before the plasma ejection.  

After ejecting for 1 s [Fig. 4(c)], the color of the test strips that 

came into contact with the plasma jet remained white but thatin the 

vicinity of that area turned brown.  From this result, it was found 

that O3 was generated simultaneously with the ejection of the 

plasma jet in the region where the plasma jet came into contact 

with the air, but it was not generated in the plasma.  The nearer 

the region was from the plasma jet, the greater the darkness of 

brown became.  With further distance from the plasma jet, the 

color became lighter.  This finding indicates that the O3 generated 

through contact between the plasma jet and the air diffused in its 

vicinity.  By comparing the darkness of the color of the O3 test 

strips with the color chart, the O3 concentration was found to be 

>210 μg/m3 at the edge of the plasma jet (within a radius of ~4–8 

mm from the center of the plasma) and was 150–210 μg/m3 in its 

vicinity (within a radius of 8–20 mm from the center of the plasma).  

The shape of the white area was almost identical to that of the 

plasma jet.  The length of the white area was ~16 mm and the 

width was ~10 mm at the top of the O3 test strips (immediately 

below the quartz tube), which gradually decreased with distance 

from the top.  After 10-s ejection [Fig. 4(d)], the color of the O3 

test strips in the vicinity became darker than that in the case of 1-s 

ejection.  This finding indicates that the O3 concentration 

increased; the O3 concentration was found to be >210 μg/m3 even 

in the vicinity.  The size of the white area decreased slightly [~16 

(L) mm × ~8 (W) mm].  After 30-s ejection [Fig. 4(e)], the color 

of the O3 test strips in the vicinity became much darker.  This 

finding indicates that the O3 concentration further increased; the O3 

concentration was found to be >210 μg/m3 even in the vicinity.  

The size of the white area was further decreased [~13 (L) mm × ~6 

(W) mm].  With increasing plasma ejection duration, the white 

area decreased.  This is because the O3, which was generated at 

the site where the plasma jet came into contact with air, came into 

continuous contact with the O3 test strips and changed the color of 

the test strips at the edge ofthe plasma jet.  From the above 

findings, with increasing plasma ejection duration, the 

concentration of O3 generated in the vicinity of plasma was found 

to increase.  It is considered that the concentration of generated O3 

does not change with time and remains constant when measured in 

a completely open space.  In our experiment, however, the O3 

concentration increased with the plasma ejection duration.  This is 

because the O3 test strips were placed in an acrylic container, which 

was only open at the front side and thus was not completely open.  

In this case, some of the generated O3 remained in the container 

and the O3 concentration increased with time. 

In the study of Winter et al., a plasma jet of ~4 mm length was 
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(a)                     (b)                     (c)                      (d) 

    
(e)                      (f)                      (g)                     (h) 

Fig. 5  Photographs of atmospheric-pressure Ar plasma jet ejected into air and O3 test strips for different applied voltages (Ar gas flow rate, 

10 L/min; plasma ejection duration, 30 s)  (a, e) 3 kV, (b, f) 6 kV, (c, g) 8 kV, and (d, h) 10 kV. 

 

 

generated by introducing a flow of an Ar gas [3 standard L/min 

(slm)] mixed with O2 into a quartz capillary (inner radius, 0.8 mm) 

with a high-frequency applied voltage (~1 MHz, 2–6 kVpp) 38).  

The distribution of the O3 concentration was studied by means of 

UV absorption at a wavelength λ = 254 nm using a D2 lamp, a 

monochromator, an imaging spectrometer, and an iCCD camera.  

They reported that the O3 concentration of 1.5 × 1016 cm−3 at the 

end of the plasma jet (position in the axial direction along the 

capillary, z = 4 mm) was the highest when the gas mixture of Ar 

+1.0% O2 was used.  With increasing distance in the ejection 

direction, the O3 concentration gradually decreased to 2.5 × 1015 

cm−3 at z = 19 mm.  Regarding the spread of O3 in the horizontal 

direction, the radius r of the plasma jet was 0.75 mm at z = 4 mm; 

it reached the maximum (r = 2.0 mm) at z = 15 mm and decreased 

to r = 1.75 mm at z = 19 mm.  In the study of Zhang et al., a 

plasma jet of ~9 mm length was generated with a flow of Ar gas 

(2slm) mixed with 2% O2 in a quartz tube (inner diameter, 1.8 mm) 

with a plasma power of 13.56 MHz and 6.5 W 39).  The 

distribution of the O3 concentration was studied by means of UV 

absorption at a wavelength λ = 253.7 nm using a Hg lamp, a 

monochromator, and a photomultiplier.  They reported that the O3 

concentration of 1.9 × 1015 cm−3 was the highest at 4 mm from the 

end of the plasma jet (z = 13 mm).  With increasing distance in the 

ejection direction, the O3 concentration gradually decreased to 6 × 

1014 cm−3 at z = 25 mm.  Regarding the spread of O3 in the 

horizontal direction, the radius r of the plasma jet was 1.5 mm at 

the end of the plasma jet (z = 9 mm), reached the maximum (r = 

2.5 mm) at z = 15 mm, and decreased to r = 1.5 mm at z = 19 mm.  

In the study of Deng et al., a plasma jet was generated with a flow 

of nitrogen (N2) gas (8 slm) in the quartz tube (inner diameter, 5 

mm) with the application of direct current (5–30 mA) 41).  By 

ejecting the plasma jet through a metal mesh, an afterglow was 

generated.  They examined the distribution of the O3 

concentration from the afterglow using an O3 monitor.  In the case 

of the current of 25 mA, they reported that the O3 concentration 

was ~22 ppm at 2 mm from the metal mesh (z = 2 mm).  With 

increasing distance in the ejection direction, the O3 concentration 

gradually increased, peaked (90 ppm) at z = 15 mm, and then 

gradually decreased to ~30 ppm at z = 30 mm. 

 

3.1.2 Dependence of distribution of O3 concentrationon applied 

voltage 

Figure 5 shows photographs of the atmospheric-pressure Ar 

plasma jet ejected into the air and O3 test strips for different applied 

voltages.  At an applied voltage of 3 kV [Fig. 5(a)], a plasma jet 

was observed only in the vicinity of the electrode and it seemed 

that no plasma jet was ejected from the quartz tube.  The color of 

the entire O3 test strips turned slightly brown [Fig. 5(e)] and no 

white area indicating plasma ejection was observed.  The O3 

concentration over the entirety of the O3 test strips was 90–150 
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(a)                   (b)                     (c)                     (d)                     (e) 

Fig. 6 Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different irradiation 

durations (applied voltage, 10 kV; Ar gas flow rate, 10 L/min; irradiation distance, 5 mm) 

(a) Plasma jet, (b) Before irradiation, (c) Ejection for 1 s, (d) Ejection for 5 s, and (e) Ejection for 10 s. 

 

 

μg/m3.  This finding indicates that O3 was generated in the quartz 

tube even when the plasma jet was not ejected from the quartz tube 

but generated in the quartz tube.  At an applied voltage of 6 kV 

[Fig. 5(b)], no plasma was again ejected from the quartz tube.  A 

small white area indicating plasma jet ejection was observed on the 

O3 test strips [Fig. 5(f)].  The dimensions of the white area were 

~16 (L) mm × ~7 (W) mm.  The O3 concentration was >210 

μg/m3 at the edge of the plasma jet and 150–210 μg/m3 in its 

vicinity.  At an applied voltage of 8 kV [Fig. 5(c)], a plasma jet 

appeared to be ejected from the quartz tube to a distance of ~10 

mm.  The white area indicating plasma jet ejection was observed 

on the O3 test strips [Fig. 5(g)].  The dimensions of the white area 

were ~16 (L) mm × ~8 (W) mm.  The O3 concentrations were 

>210 μg/m3 at the edge of the plasma jet and 150–210 μg/m3 in its 

vicinity.  At an applied voltage of 10 kV [Fig. 5(d)], the plasma jet 

was apparently ejected from the quartz tube to a distance of ~15 

mm.  A white area indicating plasma jet ejection was observed on 

the O3 test strips [Fig. 5(h)].  The dimensions of the white area 

were ~13 (L) mm × ~6 (W) mm.  The O3 concentration was >210 

μg/m3 at the edge of the plasma jet and in its vicinity.  Comparing 

the results in Figs. 5(f)–5(h), we can see that the color of the O3 test 

strips became darker with increasing applied voltage.  From this 

result, it was concluded that the O3 concentration increased with 

increasing applied voltage, suggesting that the number of 

high-energy electrons is larger in a plasma jet generated at a higher 

applied voltage. 

 

3.2 Irradiation of atmospheric-pressure Ar plasma jet onto object 

3.2.1 Dependence of distribution of O3 concentration on 

irradiation duration 

Figure 6 shows photographs of plasma jet irradiation and O3 

test strips irradiated with the plasma jet for different irradiation 

durations.  Filter paper, instead of O3 test strips, was placed under 

the quartz tube to take a photograph shown in Fig. 6(a).  The 

plasma jet reached the filter paper and extended horizontally on the 

filter paper.  The diameter of the region over which the plasma 

extended was ~17 mm.  The color of the O3 test strips before 

plasma irradiation was white [Fig. 6(b)].  The plasma jet was 

ejected onto the center of the O3 test strips.  After plasma jet 

irradiation for 1 s [Fig. 6(c)], the color of the O3 test strips turned 

brown except in the area irradiated with the plasma jet.  This 

finding indicates that O3 was generated immediately on the O3 test 

strips irradiated with the plasma jet but was not generated in the 

region irradiated with the plasma jet.  The diameter of the white 

area was ~12 mm, which was smaller than that of the region over 

which the plasma extended (~17 mm).  This result indicates that 

O3 was generated inside the edge of the region over which the 

plasma extended horizontally on the O3 test strips.  The area of the 

O3 test strips that turned brown extended to a radius of at least 26 

mm from the center of the region irradiated with the plasma and the 

O3 concentration was >210 μg/m3.  Namely, when an object was 

irradiated with atmospheric-pressure Ar plasma jet for 1 s, O3 with 

a concentration of >210 μg/m3 was generated in the vicinity of the 

object.  The region with a O3 concentration >210 μg/m3 was 

considered to extend to a radius of at least 26 mm from the center 

of the region irradiated with the plasma.  As seen from the results 

in Figs. 6(c)–6(e), the brown color of the O3 test strips became 

darker with increasing irradiation duration.  This finding indicates 

that the O3 concentration in the vicinity of the object increased with 

increasing irradiation duration.  The diameter of the white area 

changed negligibly and was in the range of ~12–14 mm regardless 

of the irradiation duration.  On the basis of the above findings, we 

concluded that O3 was not generated in the region of the object 

irradiated with the plasma and no effect of O3 was expected in this 

region. 
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(a)                     (b)                     (c)                     (d)                    (e) 

     
(f)                     (g)                     (h)                    (i)                      (j) 

Fig. 7  Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different applied 

voltages (Ar gas flow rate, 10 L/min; irradiation distance, 5 mm; irradiation duration, 10 s)  (a, f) 3 kV, (b, g) 4 kV, (c, h) 6 kV, (d, i) 8 kV, 

and (e, j) 10 kV. 

 

 

3.2.2 Dependence of distribution of O3 concentration on applied 

voltage 

Figure 7 shows photographs of plasma jet irradiation and O3 

test strips irradiated with the plasma jet for different applied 

voltages.  At an applied voltage of 3 kV [Fig. 7(a)], no plasma 

was generated.  As shown in Fig. 5(a), at the same voltage, a 

plasma jet was generated in the vicinity of the electrode.  From 

this finding, an applied voltage of 3 kV is deemed the minimum 

voltage required for the generation of a plasma jet.  At an applied 

voltage of 3 kV, the color of the O3 test strips remained white, as 

shown in Fig. 7(f), because no plasma jet was generated.  At an 

applied voltage of 4 kV [Fig. 7(b)], a plasma jet was generated only 

in the vicinity of the electrode.  The color of the entirety ofthe O3 

test strips became slightly brown, as shown in Fig. 7(g).  The O3 

concentration was <90 μg/m3.  This finding indicates that O3 was 

generated and extended horizontally on the O3 test strips to a radius 

of at least ~26 mm from the center of the region irradiated with the 

plasma jet, even when no plasma jet was ejected from the quartz 

tube.  At an applied voltage of 6kV [Fig. 7(c)], a plasma jet was 

ejected from the quartz tube and came into weak contact with the 

O3 test strips.  As shown in Fig. 7(h), the color of the area 

irradiated with the plasma jet remained white but the color of the 

O3 test strips in the vicinity of that area turned slightly brown, and 

the O3 concentration was estimated to be 90–150 μg/m3.  At an 

applied voltage of 8 kV [Fig. 7(d)], plasma jet was ejected from the 

quartz tube, came into contact with the O3 test strips, and then 

extended horizontally over the O3 test strips.  The diameter of the 

region over which the plasma extended was ~13 mm.  As shown 

in Fig. 7(i), the brown color of the area on the O3 test strips in the 

vicinity of the region irradiated with the plasma jet became much 

darker.  The O3 concentration was 150–210 μg/m3.  The 

diameter of the white area was ~12 mm, which is almost the same 

as that of the region over which the plasma jet extended.  At an 

applied voltage of 10 kV [Fig. 7(e)], a plasma jet was ejected from 

the quartz tube, came into contact with the O3 test strips, and then 

extended horizontally over the O3 test strips.  The diameter of the 

region over which the plasma extended was ~17 mm.  As shown 

in Fig. 7(j), the brown color of the area on the O3 test strips in the 

vicinity of the region irradiated with the plasma jet became much 

darker.  The O3 concentration was >210 μg/m3.  The diameter of 

the white area was ~12 mm.  From the above findings, the 

diameter of the region over which the plasma extended was found 

to increase with increasing applied voltage.  However, the 

diameter of the region where no O3 was generated (white area) 

remained the same because the diameter of the area on the O3 test 

strips that came into contact with the plasma jet remained the same.  

From these results, it was found that the O3 concentration in the 

vicinity of an object increased with increasing applied voltage. 

 

3.2.3 Dependence of distribution of O3 concentration on 

irradiation distance 

Figure 8 shows photographs of plasma jet irradiation and O3 
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(a)                    (b)                    (c)                    (d)                     (e) 

     
(f)                    (g)                   (h)                     (i)                      (j) 

Fig. 8  Photographs of atmospheric-pressure Ar plasma jet irradiation and O3 test strips irradiated with plasma jet for different irradiation 

distances (applied voltage, 10 kV; gas flow rate, 10 L/min; irradiation duration, 10 s)  (a, f) 2 mm, (b, g) 5 mm, (c, h) 10 mm, (d, i) 20 mm, 

and (e, j) 30 mm. 

 

 

test strips irradiated with the plasma jet for different 

irradiation distances.  At irradiation distances of 2–10 mm 

[Figs. 8(a)–8(c)], a plasma jet was ejected from the quartz 

tube, came into contact with the filter paper, and then 

extended horizontally over the filter paper.  However, at an 

irradiation distance of 20 mm [Fig. 8(d)] or 30 mm [Fig. 8(e)], 

a plasma jet ejected from the quartz tube did not come into 

contact with the filter paper.  The diameters of the region 

over which the plasma extended were ~18, ~16, and ~13 mm 

at irradiation distances of 2, 5, and 10 mm, respectively.  At 

irradiation distances of 2–10 mm [Figs. 8(f)–8(h)], the color 

of the region irradiated with the plasma jet remained white 

and the color of the O3 test strips in the vicinity of this region 

turned brown.  The O3 concentration was >210 μg/m3 

regardless of the irradiation distance.  The diameters of the 

white area were ~14, ~13, and ~11 mm at irradiation 

distances of 2, 5, and 10 mm, respectively.  However, there 

were no white areas on the O3 test strips at an irradiation 

distance of 20 or 30 mm, indicating that the diameter of the 

white area decreases with increasing irradiation distance.  

From these findings, when the irradiation distance was small 

(2–10 mm), no O3 was generated in the region irradiated with 

the plasma jet and the effect of O3 was not expected in this 

region.  In contrast, when the irradiation distance was large 

(≥20 mm), the plasma jet did not come into contact with the 

object but the O3 generated at the edge of the plasma was 

diffused over the vicinity of the target.  Therefore, the effect 

of O3 is expected when the irradiation distance is large. 

 

4. Conclusions 
 

The distributions of O3 concentration generated by 

atmospheric-pressure Ar plasma jet ejection in air and 

irradiation on an object were visualized using O3 test strips.  

The dependences of the distribution of O3 concentration on 

plasma ejection/irradiation duration, applied voltage, and 

irradiation distance were clarified. 

When the plasma jet was ejected into air, the color of the 

O3 test strips that came into contact with the plasma jet 

remained white, but the color of the O3 test strips in the 

vicinity of that region turned brown.  The region of the 

shape of plasma jet ejection (inverted triangle) was white on 

the O3 test strips.  The O3 concentration in the vicinity of 

the region was found to increase with increasing plasma 

ejection duration, and applied voltage. 

When an object was irradiated with the plasma jet, the 



 
Hiroshi KUWAHATA and Takaaki YAMAGUCHI 

Proceedings of the School of Engineering 
Tokai University, Series E 

―14― 

color of the O3 test strips irradiated with the plasma jet 

remained white but that in the vicinity of that region turned 

brown.  The shape of the white area was circular.  The O3 

concentration in the vicinity of the object was found to 

increase with increasing irradiation duration and applied 

voltage.  The manner of contact between the plasma jet and 

the O3 test strips differed depending on the irradiation 

distance.  When the irradiation distance was large (≥20 mm), 

the plasma did not come into contact with the O3 test strips 

and the entirety of the O3 test strips turned brown.  In 

contrast, when the irradiation distance was small (2–10 mm), 

the color of the O3 test strips irradiated with the plasma jet 

remained white but the color in the vicinity of that region 

turned brown.  The shape of the white area was circular.  In 

addition, when the irradiation distance was smaller, no O3 

was generated at the region where the plasma came into 

contact with the O3 test strips and the effect of O3 is not 

expected in this region.  Therefore, to induce the effect of 

O3 on an object, it is necessary to eject the plasma jet from 

above the object so that the plasma jet does not come into 

contact with the object. 

The results of this study demonstrated that the 

visualization of the distribution of the O3 concentration 

generated by atmospheric-pressure plasma jet ejection into 

air and irradiation onto an object was possible using O3 test 

strips. 
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