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Abstract. In this work, we report the acoustic measurements performed on an atmospheric-pressure plasma
jet (APPJ) ignited at various electrical conditions, and attempt to describe the origin of plasma-generated
sound waves. The working principle of the APPJ source used for this investigation was based on a DC-
pulsed dielectric barrier discharge in a helium flow. Our results indicated that the sound is generated in the
plasma core in a glass tube between two cylindrical electrodes, rather than in the plasma jet that extends
into the open atmosphere. We also explored the electrical conditions at which the sound level is below
85 dBA; that is, still within the safe level recommended by the National Institute for Occupational Safety
and Health. Therefore, our findings can be used to advance our basic and applicable knowledge of APPJs.

1 Introduction1

In the last two decades, rapid progress has been made2

toward understanding the physical phenomena related to3

atmospheric-pressure plasma jets (APPJs) [1,2]. The main4

reason for the interest in APPJs is their potential to be5

used in medical applications such as cancer therapy. Sev-6

eral in vitro and in vivo studies have been conducted in7

a variety of cancer cell lines that demonstrate the effi-8

cacy of atmospheric-pressure plasmas in causing cell death9

[3]. In addition to these lab-based investigations, there10

are recent clinical applications of APPJs in which such11

a source was employed for a growth reduction of neck and12

head tumor in human patients [4]. The biological inter-13

action between plasma components (photons, electrons,14

ions, radicals, excited neutrals, and electric and magnetic15

fields [5,6]) and the treated target can cause significant16

alterations into cellular components, such as DNA damage17

[7]; recent research highlights reactive oxygen and nitro-18

gen species as key agents that cause the impairment of cell19

substructures, DNA alteration and cell death [5,6].20

In parallel with this ongoing and intensive research on21

APPJs’ usefulness in patient treatment and before clini-22

cal approval for general use, APPJs will require vigorous23

safety tests prior to approval for the open market. One24

significant effect of operating APPJs in the pulsed regime25

is to generate a significant amount of acoustic sound in26

the audible range, which can be hazardous to the oper-27

ator and to the patient during treatment. Therefore, in28

a e-mail: sptasins@nd.edu

addition to the safety tests related to the biological effects 29

of plasma and to the safe operation of such devices, one of 30

these tests should also entail the measuring of the sound 31

level. 32

Sound generation in a plasma has been under investi- 33

gation periodically since the turn of the last century [8]. 34

It relies on either a forcing mechanism where momentum 35

transfer from charged particles to neutral gas molecules 36

during the collisions results in a forcing effect akin to 37

the front face of a conventional loudspeaker or on a ther- 38

mal mechanism where pressure fluctuations are caused by 39

rapid expansion within the ionized column in a similar 40

effect to lightning strike. The pressure variation from both 41

mechanisms can be expressed using the ideal gas law as 42

follows: 43

∆P = ∆ngkTg + ngk∆Tg 44

where ∆P is the pressure change, ∆Tg, Tg are the chang- 45

ing and steady-state gas temperature, k is Boltzmann’s 46

constant, and ng = N/V is the number density, where N 47

is the particle number and V is the gas volume. The first 48

term describes an isothermal system where localized den- 49

sity variations result from the ion collisions and reflects 50

the behavior of the forcing mechanism. For the adiabatic 51

system that is described by the second term, the pressure 52

variation results from the changing gas temperature that 53

occurs due to collisions between the high energy electrons 54

and neutral gas components. Changing temperature and 55

density can be achieved through modulation of the elec- 56

tric field and modulation in the audio frequency range will 57

result in audible sound emission. 58
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There have been many examples of research into plasma1

“loudspeakers” using both mechanisms but not using2

APPJs [9–13]. As with other sound generation devices,3

a commercial APPJ source should also satisfy acous-4

tic safety norms prescribed by the National Institute5

for Occupational Safety and Health [14]. For example,6

the dangerous noise level is 85 dBA for continuous expo-7

sure over eight hours. Numerous characterizations of8

APPJs are reported in the literature, which described9

primarily their electrical, optical, and chemical proper-10

ties or their biological effects, particularly at the molecu-11

lar level. Although some scientific reports have described12

sound generation by other atmospheric pressure plasmas13

[12,15,16], not many works have been reported on acoustic14

measurements of APPJs [17]. In this work, we performed15

a series of acoustic measurements both to assess the safe16

sound level produced during APPJ operation and to indi-17

cate the origin of the sound, which are the characteris-18

tics that are important for the applied and fundamental19

aspects of plasma science, respectively.20

2 Experimental set-up21

A number of plasma sources have been developed that22

have different geometries of dielectric barrier-coated elec-23

trodes through which gas flows, or that involve the appli-24

cation of different voltage waveforms and frequencies to25

launch an APPJ into the open atmosphere [1,18–20]. In26

these sources, a plume of gas excited originally inside the27

dielectric tube in the region between the electrodes is con-28

veyed outwards beyond the source, thereby generating the29

jet.30

The APPJ source in this study consisted of a fused31

silica tube with inner and outer diameters of 5 mm and32

6 mm, respectively, as well as two 50 mm brass electrodes33

located on the outside of the tube. A distance between34

the electrodes (distance k) and a distance of the elec-35

trode from the tube outlet (distance l) were adjustable,36

as shown in Figure 1. A detailed description of the entire37

APPJ source assembly was reported previously [21,22].38

The custom-made, high voltage (HV), direct current (DC)39

pulsed power supply incorporated a push-pull MOSFET40

switcher by Behlke (HTS 151-03-GSM). The power sup-41

ply was able to produce either positive or negative volt-42

age pulses by using a positive or negative HV DC power43

source (EsdEmc DC-DC High Voltage Modules, HVM-44

A203.13P24 for positive voltage and HVM-A203.13N2445

for negative voltage). DC pulses with the amplitude up46

to 12 kV were applied to the powered electrode that was47

closer to the tube outlet, at a driving frequency between48

10 Hz and 5 kHz; the other electrode was grounded. The49

pulse duration varied between 10 and 1000µs. The current50

was measured and recorded by an induction coil (Pear-51

son Current Monitor Model 2877, Pearson Electronics)52

at the grounded electrode, and the applied voltage was53

measured at the powered electrode using an HV probe54

(Tektronix P6015A). Fast imaging was done by Princeton55

Instruments Pi-Max ICCD camera. The temperature was56

measured by an Optocon TS2 GaAs fiber optic tempera-57

ture sensor [23]. This sensor was made out of an insulator58

Fig. 1. Experimental set up. High voltage pulses are applied
to the powered electrode, which was located at the distance
l from the glass tube outlet (distance l was varied from 1 to
20 cm). The grounded electrode was located above the powered
electrode, with a separation distance k from 1 to 25 cm. A
microphone position relative to the glass tube outlet, d, was
between 1 and 15 cm.

(optical fiber), hence it is safe to introduce into plasma, 59

unlike traditional metallic thermocouples. The sensor was 60

loosely inserted into the glass tube, thus we measured the 61

gas temperature not a glass wall. It took several minutes 62

(approximately 10–15 min) for gas to reach a steady state 63

at high voltages and high frequencies, but the steady-state 64

temperature was reached much faster at lower powers. No 65

noticeable changes were observed in the acoustic measure- 66

ments over this period. The acoustic measurements were 67

recorded by two calibrated microphones (B&K 4135 and 68

Dayton Audio EMM-6) and a digital sound level meter 69

(BAFX3370). The microphones were positioned perpen- 70

dicular to the jet flow at a distance between 1 and 15 cm, 71

d in Figure 1. 72

Ultra-high purity helium (the impurity content <5 ppm 73

in the gas cylinder, Airgas, USA) flowed through the tube 74

at a fixed rate within the range of 1–10 standard liters per 75

minute (slm). 76

A discharge was ignited in the tube within 1µs after 77

the HV pulse was applied, and plume propagated into 78

the open atmosphere, forming a so-called “plasma jet” 79

(Fig. 2a). This apparently continuous plasma jet actu- 80

ally consisted of fast-moving pulses of optical emission 81

(or equivalently a pulse of excitation), which were imaged 82

by an ICCD camera [24,25]. Typically, the emission pulse 83

propagate at speeds around 100 km s−1 [26,27], which is 84

much faster than the gas flow rate (up to 10 m s−1) or even 85

the thermal speed of atoms and ions in the plasma. Thus, 86

in this case, differing from fast-moving plasma species, 87

the emission pulse consisted of a fast-moving ionization 88

front caused by a combination of physical events such as 89

Penning ionization, photoionization, and electron acceler- 90

ation toward the positively charged plasma species, which 91

occurs in the direction opposite to that of the ionization 92

front [28,29]. The discharge in the tube between the elec- 93

trodes, referred to later in the text as a “plasma core”, 94

is a standard dielectric barrier discharge (DBD) with a 95

https://www.epjd.epj.org
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Fig. 2. Photographs of the plasma source taken by a Nikon
D3100 camera with an exposure time of 1 s (a) and 1/400 s (b).
Plasma source parameters: He flow rate of 6 slm, HV 12 kV
pulses with a driving frequency of 1 kHz. Light emission from
the plasma core between the electrodes is much stronger than
the light emission from the plasma jet region, as is indicated
by saturation on the photography with 1 s exposure. To avoid
this saturation, the exposure time was decreased 400 times and
only then the actual streamer between the electrodes is clearly
visible, as shown in (b). However, at this short exposure, the
plasma jet is not visible.

streamer [30]. The photographs in Figure 2 show that1

the light emission from the plasma core region is approx-2

imately two orders of magnitude more intense than the3

emission from the jet, and that was also confirmed by4

ICCD images (shown later). Such an optical comparison5

of light emission can suggest that the plasma density, as6

well as its current and the dissipated electrical power, is7

also about two orders of magnitude higher in the plasma8

core. However, a more quantitative analysis should be per-9

formed, using specialized techniques.10

3 Results and discussion11

First, we performed electrical measurements by record-12

ing voltage-current characteristics of our APPJ source13

for different parameters such as voltage, flow rate, driv-14

ing frequency, pulse duration, and distance between elec-15

trodes. The representative electrical measurement shown16

in Figure 3 was performed by the voltage measurement17

on the powered electrode and the current measurement18

on the grounded electrode. A current measurement on19

the powered electrode displayed a slight difference from20

that on the grounded electrode, showing a higher (about21

Fig. 3. Representative current and voltage characteristics for
12 kV positive voltage pulses with a pulse duration of 50µs
(with times t1 and t2 indicating the rising and falling edges,
respectively) and a driving frequency of 1 kHz for an He flow
rate of 4 slm and the distance between electrodes of 2 cm. The
current was measured at the grounded electrode and averaged
over one hundred pulses, and the applied voltage was measured
at the powered electrode.

10%) electrical noise level. This implies that the current 22

branching from the powered electrode through the plasma 23

jet was significantly smaller, which is in an agreement 24

with the optical measurements. In Figure 3, the current 25

peaks at the beginning of the pulse (i.e., at the rising 26

edge of the pulse) and at the end of the pulse (i.e., at 27

the falling edge of the pulse) showed the DBD behav- 28

ior of the plasma, which means that the discharge is a 29

self-extinguishing plasma. The charge accumulates on the 30

glass wall, hence the reason for the duration of the dis- 31

charge being independent of the duration of the applied 32

voltage, with the total charges at the rising and falling 33

edges equal but with an opposite polarity. In time-resolved 34

ICCD images, both plasma discharges ignited at the rising 35

and the falling edges of the pulse showed a propagation 36

of light emission both from the plasma core and the jet 37

regions (Fig. 4). However, the plasma jet intensity was 38

lower in the case of the falling edge. These images show 39

that the plasma ignition occurs on the edge of the powered 40

electrode, where the electrical field is the strongest. Then, 41

plasma propagates outwards from the powered electrode, 42

that is downstream to the open atmosphere to form the 43

jet, and upstream to the grounded electrode to form the 44

plasma core. Both directions of plasma propagation occur 45

regardless of the electrical field direction, which has oppo- 46

site directions for the rising and the falling edges of the 47

pulse. This is a characteristic of streamers with an ioniza- 48

tion front that relies not only on an electron avalanche, 49

but on Penning ionization and photoionization. 50

Further, we performed acoustic characterization of our 51

APPJ source by using two microphones. The typical 52

acoustic signals for positive and negative voltages are pre- 53

sented in Figure 5. Discharges ignited at the rising and 54

falling edges both generated pressure perturbation that 55

the two microphones each recorded as a sharp dip in 56

the acoustic signal, followed by an overshot, as shown 57

https://www.epjd.epj.org
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Fig. 4. Propagation of plasma between the electrodes and into
the open atmosphere during the first 1µs of the applied 12 kV
pulse for the rising edge (a) and during the first 1µs after the
pulse for the falling edge (b) for an He flow rate of 4 slm. The
horizontal axis represents a position along the tube with the
zero at the tube outlet, and the vertical axis represents time
(increasing downwards).

in Figure 5. There was a slight difference in the shape1

of the dips for plasma pulses for the rising and falling2

edges. The dip had more fluctuations at the beginning of3

the perturbation for the rising edge, with more fluctua-4

tions occurring at the end for the falling edge. In the case5

of negative voltage DC pulses, the fluctuations observed6

for the dip were reversed at the rising and falling pulse7

edges. In other words, the fluctuations were detected at8

the beginning for the falling edge and at the end for the9

rising edge. The absolute value of dip and overshot of the10

acoustic signal (later referred to as “a peak to peak ampli-11

tude”) depended on the voltage applied and the distance12

between the microphone and jet, and it corresponded to13

approximately 0.1 Pa or 85 dBA at a distance of 10 cm for14

12 kV pulses.15

Fig. 5. Acoustic waveforms for 10 kV positive and negative
voltage applied to the powered electrode for pulses of 1 ms
duration with a driving frequency of 200 Hz and for an He
flow rate of 4 slm. The distance between the electrodes (k)
was 3 cm, the distance between the powered electrode and the
tube outlet (l) was 1 cm, and the distance to the microphone
(d) was 10 cm. The sharp peaks at 0 (t1) and 1000µs (t2) were
caused by electrical noise at the rising and falling edges of the
pulse. Here, an acoustic signal, i.e., pressure perturbation, is
presented as an electrical signal read from a microphone.

As seen in Figure 5, the acoustic signal was delayed 16

several hundred microseconds after the plasma ignition. 17

This time delay is due to the speed of the sound prop- 18

agation to the microphone. We recorded acoustic wave- 19

forms for several distances between the microphone and 20

the tube outlet, from which we obtained the propagation 21

delay between the rising edge or the falling edge of the 22

pulse and changes in pressure. In Figure 6, the dependence 23

of propagation delay as a function of the microphone dis- 24

tance is presented for the pulse duration of 500µs. Both 25

curves show the linear dependence with a relative shift 26

of 500µs in time delay demonstrated for the rising and 27

falling edges, which corresponds to the duration of the 28

applied pulse. A linear fit showed that the speed of the 29

sound propagation was 347 (±5) m s−1, as expected for 30

the sound propagation in air at the room temperature. In 31

Figure 6, the extrapolation to zero distance (not shown in 32

the figure) between the microphone and the tube outlet 33

yielded a time delay of 90 (±3)µs after the rising edge 34

of the pulse and 66 (±3)µs after the falling edge of the 35

pulse. This indicated that the sound did not originate at 36

the outlet of the glass tube or in the plasma jet, but rather 37

inside the glass tube. 38

We also performed another time-delay measurement, in 39

which a microphone distance was fixed and the distance 40

of both electrodes from the tube outlet varied (Fig. 7). 41

For these particular experimental parameters, the sound 42

propagated in the glass tube at a speed of 960 (±20) m s−1, 43

which corresponds to the speed of sound in helium at room 44

temperature, as calculated from Figure 7. 45

By extrapolating the data and taking into account the 46

velocities of the sound propagation in Figures 6 and 7, it 47

was possible to estimate the location of the sound gener- 48

ation. For instance, for an electrode separation of 3 cm, 49

the sound was generated between both electrodes. More 50

https://www.epjd.epj.org
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Fig. 6. Propagation delay of the acoustic signal after plasma
ignition as a function of the distance between the microphone
and the tube outlet (d in Fig. 1) for plasma ignited at the
rising (t1) and falling (t2) edges. The time delay was obtained
from acoustic waveforms for 10 kV positive voltage applied to
the powered electrode for pulses of 500µs duration, with a
driving frequency of 1 kHz and for an He flow rate of 2 slm.
The distance between the electrodes (k) was 3 cm, and the
distance between the powered electrode and the tube outlet
(l) was 1 cm.

Fig. 7. Propagation delay of the acoustic signal after plasma
ignition as a function of the powered electrode distance from
the tube outlet (l in Fig. 1). The time delay was obtained from
acoustic waveforms for 10 kV positive voltage applied to the
powered electrode for pulses of 500µs duration, with a driving
frequency of 1 kHz for an He flow rate of 2 slm. The distance
between the electrodes (k) was 3 cm and the distance to the
microphone (d) was 10 cm.

precisely, the sound origin for the rising pulse edge was1

estimated to be located approximately 2 cm from the pow-2

ered electrode and 1 cm from the grounded electrode,3

while for the falling discharge the sound origin was on4

the edge of the powered electrode. Hence, the sound was5

generated by the streamer between the electrodes, and not6

by the plasma jet.7

Additional evidence that the streamer in the plasma8

core generated the sound, rather than the jet, was9

obtained by changing the separation distance between10

both electrodes. In this experiment, we fixed the distance11

of the powered electrode at 1 cm from the glass tube12

0 5 10 15 20 25
0.0

0.5

1.0

1.5

2.0

2.5

 Falling Edge

 Rising Edge

P
e

a
k
 t
o

 P
e

a
k
 A

m
p

lit
u

d
e

 (
V

)

Separation (cm)

Fig. 8. Dependence of pressure perturbations as a function of
the separation between the electrodes (k in Fig. 1). The peak-
to-peak amplitude was obtained from acoustic waveforms for
10 kV positive voltage applied to the powered electrode for
pulses of 500µs duration, with a driving frequency of 100 Hz
and for an He flow rate of 2 slm. The distance between the
powered electrode and the tube outlet (l) was 1 cm and the
distance to the microphone (d) was 10 cm.

outlet, and we varied the distance between the electrodes 13

by moving the grounded electrode farther from the pow- 14

ered electrode. Figure 8 presents the peak-to-peak ampli- 15

tudes read from the acoustic waveforms as a function of 16

the separation between both electrodes from 3 to 25 cm 17

for both the rising and the falling pulse edges. This 18

figure shows that the sound intensity decreased rapidly as 19

the separation distance between the electrodes increased, 20

which is consistent with the decreased intensity of light 21

emission in the plasma core under the same conditions. 22

This quenching of light emission is due to a weaker applied 23

electrical field created when the distance between the elec- 24

trodes is increased while the applied voltage is kept con- 25

stant. Nevertheless, the light emission in the plasma jet 26

remained relatively constant, because the electrical field 27

in the region of the plasma jet remains unchanged, even 28

for larger separations between electrodes. 29

The fact that acoustic waveforms for both rising and 30

falling edges and both positive and negative voltages 31

showed similarities, i.e., first a dip in the signal, which 32

is followed by an overshoot, as seen in Figure 5, indicates 33

that the sound is unlikely to have been caused by elec- 34

trodynamical coupling of the applied electrical field and 35

electrically charged particles in the plasma. If the sound 36

was generated by the ions accelerated in the applied elec- 37

trical field, the shape of acoustic waveforms for the pos- 38

itive and negative voltages should be reversed. In other 39

words, in one case the dip would precede the overshoot, 40

and in the other case it would be opposite, which is not 41

the data that we recorded. We propose that, rather than 42

being due to the electrodynamical coupling, the sound is 43

caused by a rapid thermal expansion of the gas during the 44

discharge between electrodes. Furthermore, we can assume 45

that a similar amount of electrical energy is pumped into 46

the system for both discharges ignited at the rising and 47

falling edges, and for both cases of positive and negative 48

https://www.epjd.epj.org
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voltage applied. In all of these cases, the pumped energy1

rapidly heats the gas, causing the local pressure pertur-2

bation as observed in the acoustic waveforms (Fig. 5). We3

also calculated the total energy pumped into the system4

per period from the current and the voltage characteristics5

(Fig. 3). From these calculations, we plotted the depen-6

dence of the energy pumped as a function of the applied7

voltage (Fig. 9). As seen in Figure 9, this energy is within8

the range of a few mJ. Moreover, this energy is almost9

entirely pumped into the plasma core region as a heat,10

and with helium being a very good heat conductor, it is11

transferred quickly to the glass tube and the electrodes12

until the gas temperature reaches a local equilibrium with13

the glass tube.14

Therefore, we measured gas temperature in the plasma15

core region and plasma jet using a fiber optic temperature16

sensor. There are several parameters which affect the gas17

temperature, such as flow rate, APPJ source geometry,18

and the average power pumped into the system. Because19

the average power pumped into the system is a product20

of the energy per one pulse and the driving frequency, we21

measured the gas temperature in the plasma core as a22

function of driving frequency for several applied voltages23

(Fig. 10). As seen in Figure 10, the gas temperature in24

the plasma core can reach up to 160 ◦C for the applied25

voltage of 12 kV and driving frequency of 5 kHz. At these26

conditions, the plasma jet temperature was ∼120 ◦C. We27

found that for the applied voltages below 10 kV and fre-28

quencies below 1 kHz, the plasma jet is close to room tem-29

perature, which is an important consideration for medical30

applications.31

As shown in Figure 3, the power is pumped into the sys-32

tem only during a brief time of plasma discharge (shorter33

than 10µs) at the rising and falling pulse edges of each34

pulse. Therefore, it can be expected that, during this35

short time, the local gas temperature will briefly increase36

before reaching equilibrium with the glass tube. However,37
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Fig. 10. Gas temperature of the plasma core as a function of
the driving frequency with a constant duty cycle of 50% for
several applied voltages after reaching a local equilibrium with
the glass tube (about 5 min after plasma ignition) with an He
flow rate of 2 slm. The distance between the electrodes (k) was
2 cm, and the distance between the powered electrode and the
tube outlet (l) was 1 cm.

our temperature measurements were not fast enough to 38

record such a brief increase in temperature. We were only 39

able to record the temperature changes within 1 s, which 40

was the shortest acquisition time in our experiment. In 41

order to estimate the maximum temperature increase, we 42

assumed that the entire energy is temporarily converted 43

into heat, which was used to warm up the mass of helium 44

gas (0.35 mg) in the tube with a length of 10 cm and an 45

inner diameter of 5 mm. We neglected the gas flow and 46

assumed the stationary case, because the time scale for 47

plasma ignition and abrupt heat of the gas is much shorter 48

than the flow rate of the mass. The energy per period plot- 49

ted in Figure 9 was divided into two discharges formed at 50

the rising and the falling edges, which is about 1.5 mJ per 51

discharge for a 12 kV pulse. The helium heat capacity is 52

5.19 J g−1 K−1 [31]; therefore, a brief increase in tempera- 53

ture for a 12 kV discharge is about 0.8 K, or smaller than 54

0.3% of the average gas temperature after reaching equi- 55

librium in Figure 10. 56

Although this is a small change in gas temperature, an 57

equivalent sound pressure level (SPL) can be determined. 58

Analysis by Mazzolla and Molen [12] is based on an adi- 59

abatic assumption and small modulation depth of a DC 60

glow plasma discharge so that 61

δp

p
=

γ

γ − 1
δT

T
62

where p is the ambient pressure, δp is the pressure change, 63

T is the steady-state temperature, δT is the tempera- 64

ture change and γ is the heat capacity ratio for helium 65

(1.66 at 293 K). Using ambient pressure of one atmosphere 66

(101 kPa) and a steady state temperature of 433 K, a tem- 67

perature change of 0.8 K corresponds to a pressure change 68

of ±469 Pa. An SPL can be calculated from 69

SPL = 20 Log
Pe

Pref
70
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Fig. 11. Sound level as a function of the distance from the
plasma jet and for positive voltages between 0 (just He flow)
and 12 kV for pulses with 500µs duration and a driving fre-
quency of 1 kHz and for an He flow rate of 4 slm. The distance
between the electrodes (k) was 3 cm, and the distance between
the powered electrode and the tube outlet (l) was 1 cm.

where Pref is a reference root mean squared pressure level1

taken as the threshold of human hearing (20µPa) In this2

example, the SPL exceeds 140 dB and, at 5 kHz modu-3

lation, the SPL would not differ significantly when an4

A-weighting correction is applied. The calculated SPL5

above differs significantly from that measured (see6

Fig. 11) even when a correction is applied for the micro-7

phone/plasma jet separation and is likely due to the8

plasma operating under non-adiabatic conditions, where9

at low kHz frequency modulation, thermal conduction10

becomes significant when compared to the timescales11

required for heat to be inputted into the discharge. A fuller12

understanding of the SPL and its relation to temperature13

changes would require an improved model which is outside14

the scope of this work.15

From the perspective of medical applications, as men-16

tioned above, it is important to characterize APPJ sources17

regarding their variety of safety aspects. Therefore, we18

conducted studies on a sound level detected from our19

APPJ source. The sound level was measured by a digi-20

tal sound level meter for applied voltages between 4 and21

12 kV, and a driving frequency of 1 kHz, at distances of22

10–100 cm from the plasma jet. The results are shown23

in Figure 11. The plot shows that decrease in the SPL24

is inversely proportional to the distance from the source25

and is characteristic of a point source. The sound levels26

recorded were below 85 dBA, which is the limit for the safe27

exposure over 8 h, recommended by the National Institute28

for Occupational Safety and Health [14]; hence, the plasma29

jet source used in this research does not represent a haz-30

ardous source of noise for the patient and physician with31

a normal exposure up to 8 h.32

It is relevant to note that in our previous studies on the33

biological effects of APPJ on biomolecular targets, which34

were performed using the same plasma source and the35

same electrical conditions, we observed damage to DNA36

[32,33]. Thus, it indicates that the source that can be oper-37

ated at the safety sound level is capable of producing the38

plasma components that can induce alternation to the cel- 39

lular components. 40

4 Conclusion 41

We performed a series of systematic acoustic, electrical, 42

thermal, and optical emission studies by varying differ- 43

ent experimental parameters. In conclusion, from a fun- 44

damental point of view, our results demonstrated that 45

the sound is generated in the plasma core region between 46

the electrodes, and not within the jet, which launches 47

into the open atmosphere. We suggest that within a brief 48

time (∼1µs), the discharge between the electrodes forms 49

a streamer that abruptly heats a gas. Afterwards, the gas 50

expands quickly, causing pressure perturbations, which 51

propagate along the glass tube, forming an acoustic wave. 52

From an application point of view, the sound levels, com- 53

ing from the APPJ source, were within recommended 54

levels. However, the sound intensity could be lowered, 55

if necessary, by reducing the intensity of the plasma 56

between the electrodes, without affecting the plasma jet 57

itself significantly in respect to its temperature. Practi- 58

cally, this could be accomplished by increasing the sepa- 59

ration distance between the electrodes, or even removing 60

the grounded electrode completely. The results and find- 61

ings obtained in this work contribute to a deeper under- 62

standing of the physical processes accompanied by an 63

atmospheric pressure plasma discharge, and provide use- 64

ful information that is essential for clinical approvals of 65

plasma technology in a number of medical applications. 66
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