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Abstract

®

CrossMark

One of the recently observed effects of plasma in medical applications is the physical effect,
suggesting that the electromagnetic (EM) emission of cold atmospheric plasmas can lead to cell
membrane oscillations and sensitization to the chemical active ingredient of treatments such as
cancer drugs. This is a new aspect that must be considered along with the plasma chemical
effects for the future dose definition which is the most urgent research topic of plasma medicine.
However, unlike the reactive oxygen and nitrogen species generated from plasma chemistry
which is well-known as playing a key role in apoptosis cancer cells, the EM emission power
spectrum and emission mechanism are still unquantified. This makes the uncertainty of the
physical dosage of the therapy and thus impedes the further understanding and optimization of
the plasma therapy. In this paper, we compute the 3D spatial distribution of the power density
spectrum of EM emission from a cold atmospheric helium plasma jet. The simulations indicate
that the plasma oscillations following the plasma streamer propagation are the main source of
EM emission, while the emissions of the bulk current caused by net charge movements and the
bremsstrahlung due to charge collisions are negligible. The results are also verified by a
microwave power measurement using a heterodyne frequency sweep. These findings will thus
fill out the last missing piece of the jigsaw before the plasma medicine community can define

the dose in the future.

Keywords: low-temperature plasma, cold atmospheric plasma, plasma medicine, particle-in-cell,

streamer, plasma oscillation

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the last decade, plasma medicine research focused on
direct and indirect treatments in the field of plasma medicine
[1, 2], especially plasma-based cancer therapy [3-5]. It has
been reported repeatedly that short-lived species and physical
effects such as radiofrequency (RF) emissions can strengthen
the treatments in addition to the long-lived species such as
the H,O, [6, 7]. However, a recent report indicates that the
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physical effect can be a stand-alone treatment which can also
lead to the death of cancer cells after some special cellu-
lar behaviors [8]. Such a physical effect may also have the
potential for other plasma medicine applications where cells
are interacting directly with the plasma plume [1, 2, 9, 10].
Moreover, the specific pathways are significantly different
between the physical treatment and the conventional chem-
ical ones, such as the selectivity of regular cold atmospheric
plasma (CAP) treatment upon US§7MG (human primary glio-
blastoma) and hTERT/E6/E7 (human astrocyte) [11]. The
physical effects also include damage to the cellular membrane
due to the physically induced osmotic pressure unbalance as

© 2023 IOP Publishing Ltd
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a newly found type of necrosis that cannot be achieved by
the conventional CAP chemical treatment [11]. The in-vitro
physical treatment was achieved by treating the CAP jet on
B16F10 (human melanoma cell line) colonies with a cover to
block both chemical species and UV from the plasma [8]. In
other words, the physical effect is a result of electromagnetic
(EM) emissions lower than THz. Therefore, two highly suspi-
cious frequency ranges should be considered which might be
responsible for this physical effect. The first one is around 10—
15 GHz as a result of the plasma oscillation considering the
regular plasma jet used for cancer treatment is at around 10'°—
10" ¢cm™3 [12-15]. The second one is at the plasma jet’s dis-
charge frequency, which is the repetition of the impact of the
high-voltage streamer head at kHz frequency [16]. The cells’
response to the kHz effects was recently observed by Lin et al
using a laser Michelson interferometer [17]. The cell mem-
brane oscillates under such an emission due to the membrane
potential, and the in-situ damage leads to blebbing and finally
both apoptosis and necrosis [17] which agrees with other pre-
vious observations [8, 11].

The physical effects are thus an equally important aspect
along with the chemical effects. Currently, the most urgent
task of the plasma medicine community is to define the dose
of the plasma treatment, and some work has been done based
on the chemical pathways and reactive oxygen and nitrogen
species (RONS) quantifications [18, 19]. However, since the
physical effects are now confirmed, the dose must be redefined
after the physical emissions of CAP are well investigated.
Unfortunately, detailed measuring of the power spectrum of
the plasma RF emission is still not quantified and it is not
an easy task, although there was some related early works
such as the measurement of the magnetic field of the plasma
jet [20]. Due to the antenna size of collecting the emission,
which is several centimeters, one will lose the spatial resolu-
tion in the vicinity of the plasma jet which is also a centimeter-
large area. Also, because of the pulse-like streamer generation
with a repetition rate at kHz and pulse width at microseconds,
it is impossible to have such a high temporal resolution for
most of the RF power meters on the market. Therefore, in
this work, a 3D mathematical model is developed to com-
pute the power density distribution field of the plasma jet.
Once the computation for each time step is completed, the res-
ults will be both spatially and temporally resolved. Therefore,
these results provide more detailed information than the pre-
viously reported measurements since the temporal resolution
of the latter is not possibly high enough to show the dynamic
emission variation during a micro-second scale plasma bullet
propagation. This work thus reveals the exact RF fields at the
microwave band that the cells are exposed to, and it will be
an important basis for the future discovery of the mechanism
behind the physical effects of plasma cancer treatments.

2. Simulation setups

The numerical simulation is achieved in MATLAB using
the PIC algorithm. The simulation setup includes two

parts. First, a 2D helium-guided plasma jet is simulated to
provide streamer propagation which includes detailed plasma
chemistry in the open air. The results include temporal and
spatial resolved electron distribution, electron, and ion cur-
rents, etc. Next, the 2D simulation results will be rotated sur-
rounding the central axis to become a 3D cylinder emission
source with each grid in the meshed simulation domain thus
considered as a small antenna. The antenna currents can thus
be acquired by using the 2D simulation results. Three types
of potential emission sources are included in this work: the
plasma oscillation, the bulk current as the net charge move-
ments, and the bremsstrahlung due to charge collisions. These
three currents are within the GHz RF range to be compared
and discussed.

2.1. The 2D plasma jet simulation setups

A cold atmospheric helium plasma jet (CAPJ) as the emission
source of the EM field must first be simulated to obtain the
electric field distribution, electron density, electron velocity,
etc. The simulation domain with the CAPJ nozzle is illustrated
in figure 1(a), and it is meshed into 0.5 mm by 0.5 mm square
grids making the grid number 12 000 in total. Two electrodes
with constant potential boundary conditions are shown in the
figure. The anode is selected from 6000 V and 8000 V which
are two cases to compare the results, while the cathode is set
up to the ground.

The 2D simulation of CAPJ starts with the assumption of
initial seed electron distribution and the helium-air distribu-
tion in the 2D simulation domain. The distribution is based
on an actual helium flow rate and the nozzle diameter of the
CAPJ generator that was published previously [21]. Therefore,
without a time-consuming massive discharge period of the
simulation, assuming the initial species distribution as the
steady state of the plasma jet, especially the seed electron dis-
tribution, is inevitable. The initial species distribution is shown
in figure 2. The nozzle and the plasma propagation track are
filled with helium, He™, and seed electrons, while their dens-
ities are decreasing far away from the high-voltage electrode.
The ratio of the N», O,, and H,O in the airis 0.797:0.198:0.005
outside the nozzle. All other minor-important species share
the same distribution similar to the N, but with a low
amplitude.

The simulation flow chart is shown in figure 3. First, a 2D
Poisson solver is applied to obtain the electric field based on
the information on boundary conditions and the initial charges.
This is followed by a PIC algorithm that is then used to solve
electrodynamics in the whole calculation domain to move the
electrons. Next, in each grid, a kinetic scheme of plasma chem-
istry containing more than 40 species with 448 chemical reac-
tions is considered for plasma chemistry [13, 22-24]. The kin-
etic scheme database is listed in the supplementary materials.
The chemical reaction rates are determined by reactant con-
centrations and the rate coefficients that are theoretical func-
tions of reactant temperatures. The electron temperature can
be obtained by the Boltzmann equation solver BOLSIG+ with
the LXCat collision cross-section database that is also used
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Figure 1. The geometry setup of the 2D simulation of the plasma jet. (a) The simulation domain of the plasma jet simulation. (b) The

simulation domain of the RF emissions.
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Figure 2. Initial species distributions of the plasma jet simulation. The O, distribution is the same as the N, but at a different amplitude.
The subtitle ‘other’ represents the distribution of all other minor species.

for the chemical reaction computation in each grid [25, 26].
Therefore, the species distributions in the calculation domain
can be updated in each iteration after both solving the electron
movement driven by the electric field and solving the chemical
reactions affected by the previous species distributions and the
electron temperature.

2.2. The computation method of 3D RF emissions

To compute the 3D RF emission, one needs to define the radi-
ation source as shown in figure 1(b). The source area con-
sists of two parts that are plasma jet region and the radi-
ation field region. The entire calculation domain meshes into
0.5 mm x 0.5 mm rectangular grids, which means 6400 grids
in total. In such a source area, each grid is considered as a
small linear wire antenna that will emit RF in 3D as shown in
figure 4(a). Next, the 2D source area will rotate to provide a
3D source area as shown in figure 4(b).

Each cell in the calculation domain of the emission source
is assumed as a small linear wire antenna unit contributing to
the total emission. Therefore, the total radiation can be calcu-
lated as the superposition of emissions from all antennas. Note
that in this approach we assume plasma to be optically thin
and as such, we neglect absorption by the plasma. Figure 4(a)
presents the electric-field orientation of a linear wire antenna,
in which ¢, 6, and r indicate the location relationship between
the antenna source S and the receiver T. The components of
electric field E can thus be computed as [27]

E, =0 (1)
Iylcosd 1] _u
E. = 1+—|e? 2
2 r? [ +jkr} ¢ 2)
. klplsin® 1 1 —a
Ey= 1+—— e 3
0= [ +jkr (kr)Z] e (3
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Figure 4. (a) Schematic diagram of the electric field from a linear wire antenna. The distance between the source antenna and the receiver is
r. The azimuthal angle and the zenith angle are denoted as ¢ and 6 respectively. The components of electric field E are thus defined in the
figure. (b) The geometrical relationship between the emission sources S and the receiver T, while the 2D source plane is at angle « from the
horizontal plane containing the point S as the projection of S.
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In these equations, 7 is the vacuum impedance, I is the
current, / is the antenna length, k is the wavenumber, and j is the
imaginary unit. Meanwhile, the components of the magnetic
field H are described as [27]

H,=Hy=0 “

klplsind 1 ;
Hy =j——— |1+ — e}, 5
v =J 4mr {+jkr]e )

The Poynting vector is formed in terms of the electric field
and the magnetic field radiated by the antenna. The compon-
ents of the Poynting vector W are given, respectively, as [27]

W, =0 (6)
2 .2
n|lol|” sin“6 1
r = — | — 1 —
W 8| A r? [ ](kr)3 2

Wy (®

. k|Iol|* sinf cos 6 { 1
-/ 167213 + (kr)z
in which X is the wavelength.

The plasma emission source needs to be considered as a
3D space because the emission power from a pair of symmet-
rical source points cannot be canceled out, thus every cell in
this 3D space contributes to the emission power of receivers.
However, a 2D radiation field can be used due to azimuthal
symmetry. Figure 4(b) displays the geometrical relationship
between the emission source and the receiver. Point S’ is the
projection of point S on the green plane which is the plane
where the receiver T is located. The Poynting vector at receiver
point T from the emission source S thus can be calculated by
equations (6)—(8). The total emission received at point T is the
superposition of the Poynting vectors from all the emission
source points in the plasma region. Then, we can obtain the
radiation field by calculating the emissions at every receiver
point.

The plasma source theoretically has three types of emis-
sions that are bulk current emission, plasma oscillation emis-
sion, and bremsstrahlung emission [28, 29]. We calculated
these three types of emissions respectively since they have
different generation mechanisms. As the plasma streamer
propagates, the net charge movements in the plasma produce
the bulk current emission. Each bulk current in the calculation
grid is assumed as a small linear wire antenna. The antenna
length (/), current (/p), and wavenumber (k) are given, respect-
ively, by

[=v,dt 9
Iy = en,v . h> (10)
k= f. (1)

Cc

In the equations, e is the electron charge, n, is the elec-
tron density, v, is the electron velocity, & is the grid size,  is
time, c is the speed of light, and the discharge frequency f is
12.5 kHz [13, 21, 30], with the df set at 0.1 ns in the computa-
tion. Therefore, the radiation field of the bulk current emission
can be calculated by equations (6)—(11).

The positive ions attract electrons causing plasma oscilla-
tions. The effective electron velocity of the oscillation (V) is
calculated by equation [31]

ek exp [ (kxo — wip)]
m, w—kVy
X [ (kVy — w) (t—19) — 1]

Veff = V() — exXp

12)

where xp, Vo, @o refer to the position, velocity, and elec-
tric potential when the electron cloud enters the ions at the
time ¢y, and m, and w are the electron mass and the oscilla-
tion frequency, respectively. Each electron cloud movement
caused by the plasma oscillation is assumed as a tiny antenna.
Different from the equations of the bulk current emission, the
antenna length, current, and wave number in the case of the
plasma oscillation is given as

127wV,
[— - 2T Velt (13)
2w
Io = enoVeh® (14)
w
k= . 15
27TVeff ( )

Therefore, we can take these variables into equations
(6)—(8) to calculate the radiation field from plasma
oscillations.

Bremsstrahlung is the EM radiation produced by the
deceleration of electrons during collisions. The mathemat-
ical expression of its power density Pp, produced by the
bremsstrahlung emission and the frequency wp, is given
by [32]

dPB w 2 2
T=Al1- 22 21 B 1
der ( wBr2> ( anr—" ) ( 8)
82/ &\ 1 Z
A= 8\/>< e ) i i nznel (19)
3VT \4T€0 ) (myc2)? (kyT,)?
h2
B=In| —— | +Cy. 20
(2k32T£) ’ <0

In these equations, £y is the vacuum permittivity, kg is
the Boltzmann constant, 7, is electron temperature, 7 is the
reduced Planck constant, and Cy is the Euler—-Mascheroni
constant. Assuming only electrons are moving in the plasma
column because the electron mass is exceedingly small com-
pared with other species, and the charge number Z; and the ion
density »; in the equations thus equal to 1 and n,, respectively.
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However, there is another issue we need to concern that the
plasma jet itself may absorb microwave radiation. More spe-
cifically, we need to consider if the emission from the cen-
ter axis of the plasma jet can be partially absorbed by the
plasma at the boundary of the jet. It is well known that plasma
can block the incoming EM wave when the incoming fre-
quency is lower than the plasma frequency which is propor-
tional to the electron density as mentioned in equation (22).
Therefore, the outer plasma can block the inner plasma only
when the outer electron density is higher than the inner elec-
tron density. According to figure 7(c), the electron density at
the center axis is always higher, therefore, no outer plasma
can absorb the inner emissions. However, for some specific
plasma jet hardware setups, the streamer can form in a donut-
like pattern during a part of its propagation process, depend-
ing on the helium-air distribution, in other words, the helium
flow rate and nozzle geometry [33]. In this case, a part of
the low-frequency power from the center axis near the anode
will be blocked, but the since the frequency spectrum is con-
tinuous (electron density distribution is continuous), the low-
frequency power can still be emitted from the plasma jet tip
part where the donut-like pattern has merged into a dot-like
bullet and the electron density is also low. In other words,
the low-frequency part of the power spectrum can be blocked
partially, rather than completely, when the streamer has a
donut-like appearance. However, this situation cannot signific-
antly change the general shape of the spectrum pattern, since
the low-frequency part of the spectrum always has a lower
power even without the blocking as shown in the previous
figures.

3. Experimental setups

As mentioned previously, the plasma oscillation is expected to
be in the range of 10-15 GHz according to the electron dens-
ity. The emission from the plasma jet is a frequency mixture
with an unknown power spectrum to be measured. A WR-75
horn antenna aiming at 10-15 GHz (X to Ku band) is set to col-
lect the emission. The signal will pass through a power amp-
lifier (Mini-Circuits ZX60-138-S+) and finally reach the RF
port of a frequency mixer (Fairview Microwave FMMX1029).
On the other hand, a microwave generator (HP8350B Sweep
Oscillator with HP86251A RF Plug-In) will provide a single-
frequency window to the local oscillator (LO) port of the fre-
quency mixer, through a signal splitter (Mini-Circuits ZX10-
2-183-S+). The splitter is mainly used to calibrate but will
also be connected during the measurement to avoid chan-
ging the system. The microwave generator will sweep the
frequency from 12-16 GHz. Therefore, for each frequency
window provided by the microwave generator, the interme-
diate frequency (IF) port of the mixer will output the power
within the window and the value will be measured by the
microwave power meter (HP438A). The plasma jet is working
at the 6000 V sinusoidal discharge voltage at 12.5 kHz with a
10 LPM helium flow rate. The schematic of the experimental
measurement is shown in figure 5(a). However, as mentioned

(a)
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Window
v

I I | ®requency

Horn Power Mixer
Antenna Amplifier
Unknown
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Microwave .
Power Meter ing eé‘ grsslu ney
(b)
Microwave Signal
Generator Splitter
v
| E §Frequency
Power Mixer
Amplifier
Calibration
Signal 1 §
Microwave . Calibration
Power Meter Signal 2

Figure 5. The schematic of the heterodyne setup to measure the
power spectrum of the plasma jet. (a) The measurement setup.
(b) The calibration setup.

at the end of the introduction, there is no spatial and temporal
resolution of this measurement. The resulting power spectrum
will be the spatially averaged power density at a distance of
1.5 cm from the plasma jet central axis. Also, because the sig-
nal is emitted from the streamer propagation pulse only, but the
microwave power meter collects the entire discharge period,
when acquiring the results, a scaling factor % will be applied,
where 7, is the discharge period, 7; is the period of streamer
propagation.

Also, as shown in figure 5(b), the system must be calibrated
before making a measurement, due to the unknown signal
losses in the coaxial cable connectors and the RF chips. Two
calibration signals will be collected as shown in figure 5(b)
with a frequency sweep from 12 GHz to 16 GHz by the
microwave generator. A signal splitter will be used to separate
the signal, one for the LO, and the other one is a mimic of the
incoming RF signal as the calibration signal 1 to be recorded.
The IF output denoted as calibration signal 2 will be divided
by signal 1 to show the total net power loss of the system. The
calibration result is shown in figure 6.
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Figure 6. The calibration result of the heterodyne system.

Therefore, the final measurement result will be presented as

Loss

P(f) =5(f) 1085

Ts

2

where P (f) is the final power spectrum result, f is the fre-
quency axis, S(f) is the signal spectrum acquired from the
microwave power meter, and Loss is the total power loss
acquired in the calibration, %I is the scaling factor as intro-
duced above.

4. Results and discussions

4.1. The simulation results

The results including the evolutions of the electric field, ioniz-
ation rate, and electron density are displayed in figure 7. At the
initial stage, the highest electric field strength and the largest
ionization rate are near the high-voltage electrode. Driven
by the electric field, the streamer head which is the ioniz-
ation wavefront (also known as ‘plasma bullet’) propagates
away from the high-voltage anode, meanwhile, the renewed
charge distribution changes the electric field. Please note that
the electric field at the ionization wavefront looks insigni-
ficant in figure 7(a), although it looks higher than the sur-
rounding. This is because the electric field near the electrodes
is much stronger than the one at the ionization wavefront.
The color bar scale is covering the entire electric field range
and thus makes the ionization front electric field look faint.
But the electric field at the wavefront is effectively leading
to the local high ionization rate, which is the plasma bullet.
The plasma bullet passes through the low-voltage cathode and
finally exits the nozzle with a 45 mm maximum movement
distance. The stronger electric field area gradually moves near
the low-voltage electrode which also has a larger ionization
rate. During the streamer propagation, the electron density
shows a plasma track behind the anode, which has no obvious

change over time. Also, please note that the streamer propaga-
tion does not necessarily have an electron density peak at the
ionization wavefront. The electron density is highest near the
anode, then gradually decreases along the plasma jet. There
are many other simulation works showing the same results
[34-37].

4.2. The results of 3D RF emission computation and
microwave measurements

As previously mentioned, three types of radiation from the
cold helium plasma jet are calculated including bulk current
emission, plasma oscillation emission, and bremsstrahlung
emission. First, the power densities from the bulk current
emission and the plasma oscillation emission are displayed
in figure 8(a). Here we mainly consider the power emission
in the period when the streamer is propagating. Because after
the streamer disappeared, the electron density decrease signi-
ficantly as reported by many other publications, [38—40] and
the emission power of the bulk current and plasma oscillation
are proportional to the electron density. The power density
decreases as the distance from the plasma jet increases. The
maximum power density of the bulk current emission is on the
order of 107'7-10722 W cm~? at couple centimeters away.
The power density of plasma oscillation emission is shown
in figure 8(b), and it is in the range of 420-600 W cm™2,
Integrating the plasma oscillation emission’s power density
over the plasma region, the total power is estimated at about
2.86 W emitted from the plasma. Considering the discharge
voltage is at 8 kV and the discharge current is usually at about
10 mA in our device [39], there are about 3.5% of the discharge
power transferred to the plasma oscillation. The power dens-
ity emitted from the bulk current is very weak compared with
the one from the plasma oscillation. Such a significant differ-
ence is not surprising in a highly collisional plasma, because
the bulk current is computed based on the electron drift current
while the plasma oscillation is based on the electron density.
In a previous experimental measurement, the bulk current of
a streamer propagation was found at about 0.8 mA with a dis-
charge voltage at about 3.8 kV [39]. In this work, we have
the bulk current at about 1.5 mA with a discharge voltage at
8 kV. A higher discharge voltage results in a higher plasma
jet current. Therefore, we are not surprised that a mA current
emission is weak.

Figure 8 also shows the spatially resolved radiation fields
of the bulk current emission and the plasma oscillation emis-
sion, respectively. A relatively high-power-density area in the
radiation field of the bulk current emission appears near the
high-voltage electrode at initial and then moves in the x direc-
tion (the direction of plasma bullet movement) over time. This
characteristic is the same as that of the electric field distribu-
tion as shown in figure 7(a). However, the high-power-density
area in the radiation field of the plasma oscillation emission
is always located near the high-voltage electrode without a
movement, which is the same as the distribution of the electron
density as shown in figure 7(c). Also, the electron velocity is
proportional to the electric field strength. Therefore, it implies
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Figure 7. Simulation results of a cold atmospheric helium plasma jet: (a) electric field (V m™"), (b) ionization rate (m3 s, and

(c) electron density (1 m_3).

that the electron velocity is the main effect factor of the power
density produced by the bulk current, but the main effect factor
of the plasma oscillation emission is the electron density of the
plasma jet.

The advantage of studying this topic in a numerical sim-
ulation compared with the experimental measurement is to
acquire spatial and temporal resolution. The spatial resolution
includes the resolution of the emitting location and the receiver
location. In other words, only through the numerical simu-
lation, we can track the power density spectrum from a spe-
cific emission location in the plasma jet to a specific receiver
location. The latter is important and practical while using the
plasma treatment on a target such as a specific well in a 96-
well plate or a specific location on the tissue such as melanoma
(skin cancer).

First, in figure 9(a), an example background the to illustrate
which region of the plasma jet is contributed to which line in
the spectrum. Because the plasma frequency is proportional to
the electron density that

[ nee?

“r= me&q

the emitter frequency distribution shown in figure 9(a) is thus
straightforward: the region closer to the anode should emit a
higher frequency, which agrees with the electron density dis-
tribution shown in figure 7(c). Next, to find the specific spec-

tra for the receiver at a different location, 3 locations marked
as A, B, and C in the radiation field are chosen to show the

(22)
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detailed spectra in figure 9(b) in 3 columns while the temporal
evolution of these spectra is shown in rows from the time
at 1 ns to 10 ns. All the spectra in figure 9(b) thus includes
multiple frequency components because the receiver at each
location can receive all the frequencies from all the emitter
locations. Location A is close to the anode. Therefore, the
high frequency components have high power densities. The
spectrum does not change significantly when the time runs to
10 ns. This agrees with the electron density evolution shown
in figure 7(c) that the high electron density region always exits
next to the anode, while the evolutions of other low electron
density regions are further from Location A and thus have less
contribution to the spectra. Interestingly, multiple peaks can
be found in the spectra. Location B is shown in the second
column, and it is close to the middle part of the plasma jet.
Therefore, the spectra of Location B have the highest peak
in the middle, around 16 GHz. However, at the end of the
frequency axis, around 30 GHz, there is another increasing
trend. This is not surprising because the high frequency is due
to the high electron density that is supposed to provide high
power. However, this relation is not significant in Location A’s
column because Location A is closer to the high electron dens-
ity region. On the other hand, while the time runs to 10 ns, the
total power of Location B rises. This agrees with the streamer
propagation in that the propagation passes through the plasma
jet axis and raises the electron density. More electrons oscil-
lating means higher power. Location C is close to the plasma
jet tip where fewer electrons exist, leading to a low frequency
peak at around 5 GHz. The high electron density region con-
tributes less but leads to another high-power peak at the high

frequencies. Overall, Location C’s spectra and the total power
density at this location are much lower. The temporal evol-
ution of Location C’s spectrum is also interesting. When the
streamer is propagating towards the plasma jet tip, the electron
density at the tip increases. This does not only mean that the
low-frequency peak in the spectra of Location C is raised but
also shifts to the high-frequency direction. This is also because
of the relation between the plasma oscillation frequency and
the electron density as shown in equation (22). As a result,
when time goes by, the low-frequency peak disappears but the
total power increases.

The experimental result can thus be used to verify a part of
the above ideas. As shown in figure 10, the plasma oscillation
power spectrum is measured from 12 GHz to 16 GHz. The
signal is relatively flat within about 12—-13 GHz and starts to
raise at about 14 GHz, from 2 W cm—2 to 3 W cm 2. However,
because the WR 75 horn antenna is several centimeters wide,
we do not have spatial resolution. This result is thus compared
with the spatially integrated results of the simulation over the
location from A to C, which is also shown in figure 10. The
simulation result also shows a flat pattern within 12—14 GHz at
about 2 W cm 2 and then raise to about 3 W cm—2. Therefore,
the experimental results agree well with the simulation.

The spectrum of the plasma oscillation as the conditions of
different discharge voltages is also tested in the simulation as
displayed in figure 11. Increasing the discharge voltage of the
plasma jet causes more electric energy to convert to the radi-
ation energy. As the discharge voltage is larger, the electron
density and electron velocity of the plasma jet is greater, and
thus the power density of the radiation field is larger in this
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case. In addition, increasing the discharge voltage also makes
the peaks of the spectrum shift right. As the discharge voltage
increases from 6000 V to 8000 V, the maximum power dens-
ity in each spectrum approximately increases about 1.8 times,
and the maximum frequency is increased by 0.91 GHz.
Finally, figure 12 displays the curves of power density
produced by the plasma jet bremsstrahlung emission at a
time of 4 ns, and only the values of the cells with the top
70% electron density are shown here. The curve color cor-
responds to the color of the electron density image in the
subplot, which indicates the cell locations where the curves
are generated. For example, the yellow curve is produced by
the yellow cell which has a greater electron density near the
high-voltage electrode. In general, the plasma jet cell with
a greater electron density produces a larger power density.
Also, figure 12 displays that the power density is proportional

to the frequency, and the power density value is on the
order of 1077 W c¢cm~? within 100 GHz frequency. This
power density is too low compared with the one produced
by plasma oscillations. Therefore, the bremsstrahlung emis-
sion is also neglectable in the total microwave radiation of the
plasma jet.

4.3. The physical dose of plasma medicine

The simulations presented in this paper indicates that the
plasma oscillation power density is playing the major
role in the GHz emissions, while the bulk current and
the bremsstrahlung emissions have neglectable power.
Meanwhile, in other studies, it has been shown that the dis-
charge frequency of plasma has significant physical effects in
plasma biomedical applications, such as the sensitization and
cell membrane damage [17, 41], not only for the cancerous
cells, but also for the blood cells and skin tissues according
to some recent studies [42, 43]. However, the exact physical
effects of the GHz emissions are still unknown. Although the
detailed physical mechanism of the GHz emissions treatments
is not yet fully discovered, the dose of such a physical emis-
sion can be quantified based on the power spectrum of the
EM emission. The physical dose is a cocktail of multiple fre-
quencies and we expect each of frequency may have unique
physical effect. This is also similar to the well-known chem-
ical products of CAP which is a cocktail of multiple different
RONS with each has different chemical and inner cellular
pathways.

According to the theory of electrical impedance spectro-
scopy of cells, the GHz emission, corresponding to the gamma
dispersion, may have relation to the molecular level objects,
while we have shown that the discharge frequency correspond-
ing to the beta dispersion at kHz—MHz can resonant the trans-
membrane potential polarization [44—46]. While the gamma
dispersion is not directly indicative of the size of a particular
structure in the sample, changes in the dispersion’s character-
istics are related to the alterations in the diffusion properties
of ions and molecules transports. This implies that the GHz
physical dose can (1) alter the extracellular matrix components
presenting at the vicinity of cells, such as the ion cloud near
cells in the medium; (2) directly modulate the ion transporta-
tion in and out of the cell membrane, not due to the interactions
with the membranes but with the ions. These effects will fur-
ther alter the inner cellular metabolism through its energy pro-
duction pathways (e.g. glycolysis, oxidative phosphorylation).

However, the plasma jets are usually not free jets but
impinging jets during the working period in biomedical applic-
ations and material processing [47, 48]. The impinging gas
flow and the impact of streamer on an interface may or may
not alter the RF emission spectrum. If the target surface is
conductive or at a lower potential, there will be a reflection
of the streamer namely ‘return stroke’ which may also alter
the emission [49, 50]. Therefore, this work is giving a general
concept of methods to quantify the emission of a plasma jet
with an of the free jet. Investigations on specific plasma jet
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Figure 12. Power density spectra of the plasma jet bremsstrahlung emission.

scenarios can be done using the same method. We will study
the emission from the impinging spot in the future.

5. Conclusion

In this work, we quantify the power density spectra of the
plasma jet with temporal resolution and spatial resolution for
both the emission locations and the receiver locations. Since
these resolutions are not available in the experiments, simula-
tion is a very valuable tool to support the physical effects of
plasma medical applications.

After modeling the 2D streamer propagation of a helium-
air plasma jet, we considered three types of emissions in
3D computations. Both the bulk current emissions and the
bremsstrahlung emissions have significantly lower power
compared with the plasma oscillation emissions. Therefore,
our first conclusion is that plasma oscillation is playing a major
role in the physical effects of plasma medical applications.
By analyzing the spectra at multiple receiver locations, we
also conclude that the distribution of electron density along
the plasma jet can provide a continuous spectrum. However,
different receiver locations may receive different spectra,
depending on the distance to the anode and the plasma jet tip.
The spectra can also change during the streamer propagation
and increasing the electron density can not only increase the
power density but also shift the low frequency peaks. Finally,
the power density value can go up to 60 W cm ™2 near the anode
for 30 GHz and a high discharge voltage at 8000 V, but on

average, the value in simulation is close to what we measured
experimentally at around 2 W cm ™2 to 3 W cm™2.

Overall, as more discussions of the physical effects in the
plasma medicine community are taken place, the quantifica-
tion of CAP RF emissions becomes urgent. This work is thus
timely filling the gap of what is emitting from the CAP dur-
ing a direct treatment. This will help the plasma researchers to
understand: (1) the physical radiation dose of the plasma med-
ical therapy, (2) the basis to find the optimization of the ther-
apy, and the control of the CAP generator. In the future, the
reactive species will be considered along with the RF power
density spectra for understanding plasma medical applica-
tions, not only for the cancer therapy, but may be inform-
ative for wound treatments, sterilizations, etc. Also, we will
investigate the MHz and kHz emissions in the future works,
as well as different CAP setups such as the impinging jet,
using a nanosecond power supply, and different gases. The
RF emissions in the dark period after the streamer propaga-
tion is also an interesting topic. However, at the current stage,
we focus on the relation between the RF emissions and the
streamer propagation. We would like to leave the study of the
dark period emissions in a future work.
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