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Abstract

This report focuses on the dependence of electric field strength in the effluent of a vertically
downwards-operated plasma jet freely expanding into room air as a function of the gas flow
speed. A 30kHz AC-driven He jet was used in a coaxial geometry, with an amplitude of 2kV
and gas flow between 700 sccm and 2000 SCCM. The electric field was measured by means
of Stark polarization spectroscopy of the He line at 492.19 nm. While the minimum and the
maximum measured electric fields remained unchanged, the effect of the gas flow speed

is to cause stretching of the measured profile in space—the higher the flow, the longer and
less steep the electric field profile. The portion of the effluent in which the electric field was
measured showed an increase of electric field with increasing distance from the capillary, for
which the probable cause is the contraction of the plasma bullet as it travels through space
away from the capillary. There are strong indications that the stretching of the electric field
profile with increase in the flow speed is caused by differences in gas mixing as a function
of the gas flow speed. The simulated gas composition shows that the amount of air entrained
into the gas flow behaves in a similar way to the observed behaviour of the electric field.

In addition we have shown that the visible length of the plasma plume is associated with a
0.027 molar fraction of air in the He flow in this configuration, while the maximum electric
field measured was associated with a 0.014 molar fraction of air at gas flow rates up to

1500 SCCM (4.9 m s~ '). At higher flows vortices occur in the effluent of the jet, as seen in
Schlieren visualization of the gas flow with and without the discharge.

Keywords: discharge, plasma jet, atmospheric pressure, helium, ionization front,
plasma bullet, electric field

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

1. Introduction

Because of the simplicity of their construction and opera-
tion, as well as their potential in biomedical applications or
other types of surface treatment [1-4], atmospheric pressure
plasma jets have been extensively studied in the last 20 years.

0963-0252/16/065026+9$33.00

Even so, electric field measurements in this type of discharge
are infrequent [5—11] because of the associated experimental
difficulties.

Nonetheless, the magnitude of the electric field is of key
importance for experimental and theoretical work on plasma
jets, as well as their applications. It has been shown that

© 2016 IOP Publishing Ltd  Printed in the UK
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electric field can be a cause of various effects observed in
experiments on biological samples [12—16]. In the field of
plasma physics, in transient discharges with low ionization
levels, such as plasma jets, the electric field is the driver of
the discharge and its magnitude is the central component that
determines its behavior and charge production [17], ultimately
affecting the resulting chemistry.

Among the few published reports on electric fields in
plasma jets operating at kHz frequencies, in the so-called
‘bullet mode’, there is no mention of the influence of flow
speed on the discharge or the associated electric field. The role
of the gas flow in the operation of the jet is still not clear. As
a rule, the flow speed is orders of magnitude slower than the
propagation of the ionization front either in the capillary or in
the surrounding atmosphere [18-23]. In fact the body of gas
flowing through the capillaries in jet systems typically moves
less than 1 mm in an entire voltage cycle, while discharge
development lasts only a fraction of that time [22]. Still, gas
flow is indispensable for jet operation, even when the jet oper-
ates in flowing air [24].

This paper concerns measurements of electric field in the
plume of an atmospheric pressure plasma jet operated in He
using a 30kHz sine voltage. The measurements were done
in the freely expanding plume in room air, with the He flow
directed downwards. The report shows the influence of the He
flow speed on the axial electric field profile; the observed effects
are analyzed through the gas composition profiles and associ-
ated ionization and attachment coefficients at different flows.

2. Experimental setup

The atmospheric pressure plasma jet used in this work has already
been described in detail [22, 23]. A coaxial geometry is used,
where the powered electrode is centered inside the Pyrex capil-
lary (inner diameter 2.5 mm, outer diameter 4mm) and a metal
ring on the outer side of the capillary is used as the grounded
electrode, as illustrated in the schematics on the left-hand side
of figure 1. The thickness of the ground is 3mm, and the gap
between the two electrodes was 5 mm for the entire study.

The jet is powered by sine voltage at 30kHz, 2kV in
amplitude (4kV peak-to-peak). One ionization wave (guided
streamer, plasma bullet) is formed and expelled into the room
atmosphere in each voltage cycle in the positive half-period
of the cycle, without the appearance of microdischarges, as
reported in [22, 23].

The powered electrode also serves as a gas inlet (inner
diameter 0.8 mm, outer diameter 1.6 mm). The discharge was
formed using He flow (Messer, 99.996% purity). The jet was
set up vertically, with the direction of the gas flow pointing
downwards. Gas flow was regulated using a Bronkhorst® flow
control system.

Electric field strength in a He plasma jet is measured
using a method for electric field measurement developed by
Kuraica and Konjevi¢ in the 1990s for a low-pressure glow
discharge [25, 26], and later used for diagnostics of dielectric
barrier discharges and plasma jets [5, 9, 27]. Essentially, this
is a spectroscopic, non-perturbing method based on the Stark

effect of He atoms. There are several electron transitions in
the He atom that are forbidden by selection rules regarding
orbital quantum number under unperturbed conditions, but the
presence of an external electric field voids these restrictions,
and generally forbidden lines start to appear in the spectrum.
In addition, those lines shift as a function of the electric field
strength. Forbidden lines are usually very close to the allowed
lines, and it is most appropriate to calculate their positions
as a function of the value of the external electric field using
perturbation theory, as has been done in [25, 28, 29], and then
use their mutual distance to determine of strength of the elec-
tric field. Depending on the change of the magnetic quantum
number, emitted radiation is polarized parallel to the direction
of the electric field (m-polarization) or normal to the direction
of the electric field (o-polarization, left or right). To measure
the electric field, the polarizer is necessary to eliminate one
of the polarized components—thus the method is called Stark
polarization spectroscopy. In this paper we used the He (2'P-
4'D) allowed line at 492.19nm and the forbidden He (2'P-
4'F) line nearest to it. The dependence of the electric field
strength on the distance between these two lines is given by
the following best fit formula [29]:

E(kV cm™Y) = (—58.557 + 18.116 A \pa

I
+313096A02, + 845.6A0,05

where AXga is the shift of the centerline of the forbidden
He (2'P-4'F) line from the allowed line at 492.19nm. The
experimental setup for the electrical and spectroscopic mea-
surement is shown in the right-hand side of figure 1. The
light emitted from the effluent of the plasma jet is focused
on the slit of a 1 m Solar MSDD 1000 imaging spectrometer
with a 1200 grooves mm~! grating using an achromatic lens
with a focal length of 150 mm. The object—image projec-
tion was 1:1, and the slit width was kept at 70 pm. A plastic
polarizer is inserted between the lens and the slit in order to
transmit only 7-polarized light. The ICCD camera, Princeton
Instruments PI-MAX?2, is used to detect the dispersed light.
The CCD has 1024 x 1024 pixels, and the full plasma jet
length was imaged on the detector with 1:1 projection. The
spatial resolution was 12.5 pm/pixel. The camera operated
in gate mode and was synchronized with the current signal
using the external trigger unit. The pixel-to-pixel resolution
of the spectral apparatus was 0.0108 nm/pixel. The record-
ings were obtained with 90 accumulations and 100000 expo-
sures per accumulation.

The position of the peak of the forbidden He line was
determined by a fitting procedure previously described in, for
example, [5]. The peaks are fitted to better determine their
position, as there is some overlap under the conditions of pres-
sure broadening at 1 atm.

3. Results and analysis

3.1. Electric field in the plume as a function of gas flow speed

The electric field measurements as a function of the gas flow
are shown on the left-hand side of figure 2. Several things
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Figure 1. Schematics of the jet and the measurement setup [6, 9, 22]. Left: the downward vertically operated plasma jet is used in a coaxial
configuration, where the inner charged electrode is also the gas inlet. The AC voltage at 30kHz is applied with amplitude of 2kV (4kV
peak-to-peak). Right: the optical emission spectroscopy setup consists of a monochromator and an intensified CCD (ICCD) camera, where
the plume of the jet is imaged to the entrance slit of the monochromator in a 1:1 ratio.
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Figure 2. Electric field as a function of the gas flow speed in time-integrated measurements (left) and time-resolved measurements for one

flow showing that the time-integrated measurements are representative

of the evolution in space (right). The time indications on the right-

hand graph represent the delay from the moment the plasma bullet is expelled under the grounded electrode, as described in [22].

can be noted on this graph: (i) although the measurements
are time-integrated, their high spatial resolution allows the
evolution of the electric field in time to be captured; (ii) the
measured electric field increases with distance from the capil-
lary; (iii) the He flow speed notably influences the distribu-
tion of the electric field. The following paragraphs analyze the
results, bearing in mind each of these points.

3.1.1. Spatial and temporal resolution. When obtaining these
data different exposure times (50 ns—3 us) of the ICCD cam-
era were used to temporally resolve the electric field in the
plume of the jet. The graph on the right-hand side of figure 2
shows an overlay of two sets of measurements—one taken
with an exposure time of 100 ns and one with an exposure

time of 3 ps, when the time needed for the ionization wave to
travel through the entire length of the plume is less than 3 us.

The figure shows that the electric field data resulting from
the time-resolved measurement (100 ns) is in excellent agree-
ment with the data from the measurement that was not tem-
porally resolved (3 ws). In the time-resolved measurement set
it was clear that the light detected by the ICCD was at the
ionization front only, with no light emitted from the tail of the
discharge. This is to be expected from numerous publications
showing fast imaging of guided ionization waves. A similar
time-resolved measurement was performed in [9], and in [30]
it was shown that the only contribution of the electric field
above our detection limit is short-lived and can be associated
with the ionization front.
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Consequently, when measurements were done without tem-
poral resolution, the detected signal (which covered the length
of the entire plume) only showed information concerning the
ionization front as it was moving through space, and did not
overlay these data with the spectra that could possibly have
resulted from a lower electric field in the tail of the discharge.

3.1.2. The increase in the electric field with increasing distance
from the capillary. This effect has been previously observed
in freely expanding jets in [9, 31], where the slope of the elec-
tric field matched the behavior of the velocity profile of the
ionization wave. In the present experiment the length of the
plume that can be observed with an ICCD (see figure 3) is sig-
nificantly longer than the length over which the electric field
was measured, due to the low intensity of emitted light near
the end of the plume. Consequently, the presented profiles do
not correspond to the entire visible length of the plume, and
the presented results do not suggest that the electric field in the
plasma plume only rises.

Figure 3 also shows that the relationship between the
length of the visible plume and the gas flow speed is approxi-
mately linear for low flow and saturates at flow speeds above
1500scem. The electric field profiles on the left-hand side of
figure 2 show the same effect—the maximum length at which
the electric field is measured is saturated above flow speeds of
1500 sccm. A similar effect was observed in [32].

The cause of the saturation in plume length is discussed in
section 3.2.3.

The increase in the electric field in the limited section of
the plume is simultaneous with the constriction of the ioniz-
ation front from an annular shape into a front below I mm in
diameter [23]. This constriction implies a higher concentra-
tion of charge and the resulting electric field, as has already
been predicted in numerical simulations [33-36], which we
believe to be a probable explanation for the observed effects.
The same simulations indicate that the constriction is an effect
of gas mixing.

3.1.3. The electric field distribution as a function of gas flow
speed. Figure 2 shows that the electric field profile depends
on the speed of the gas flow. Even though the nature of the
dependence of the electric field on the distance from the capil-
lary remains the same for all flows, it is evident that higher
gas flows cause stretching of the electric field profile in space.

Comparing the speed of the gas with other relevant time-
scales in this discharge, such as the development time of the
guided ionization front or the voltage period, it becomes
apparent that the speed of the gas flow is sufficiently low to
approximate to zero when considering processes in the dis-
charge. However, flow is necessary for the operation of the jet.
One possible reason for the need for gas flow is that the flow
ensures an atmosphere in the capillary in which breakdown
requires a lower voltage, and as such allows for discharge for-
mation when under the same conditions but without the flow
a discharge could not form. The same principle would then
govern the length of the plume outside the capillary.

Using the same arguments, a significant way in which gas
flow can influence a discharge is that it determines the gas

flow velocity [m/s]

25 3.0 3.5 4.0 4.5 5.0 55
16 37— T T T T T T

visible plume length [mm]

T T T T T
1000 1200 1400 1600 1800

flow velocity [SCCM]

T T
600 800

Figure 3. The length of the plume observed by fast imaging. The
4QuikEdig camera was used at the maximum amplification gate at
300 ps and 50 accumulations.

mixing in the effluent of the jet [36, 37], and thus the effective
ionization and attachment coefficients in the effluent. As those
parameters are sensitive functions of gas type, changes in gas
mixing are expected to affect charge density and the electric
field distribution.

Finally, it has recently been shown [38, 39] that gas
composition around the effluent could be one cause for the
appearance of guided ionization waves (‘plasma bullets’)
instead of streamers, which are random in space. The essen-
tial component around the effluent is the electronegative gas
(often oxygen) that forms negative ions around the noble gas
effluent. The negative ions then focus the electron avalanche
to the center of the noble gas effluent by the means of elec-
trostatics, acting in a way similar to a charged capillary [39].

In the following section the effect of gas mixing on the
electric field profile with changing flow is further examined.

3.2. Flow-induced He—air mixing in the effluent of the jet
and its effect on the ionization coefficient

3.2.1 Measurements of gas temperature in the effluent of the
plasma jet. In order to accurately calculate the gas composi-
tion in the effluent, it is necessary to measure the gas temper-
ature. Measurements were performed using a commercial
fiber-optic thermometric probe (OpSens, model OTG-F). The
temperature is obtained from the shift of the 7-dependent
band gap edge of a GaAs crystal. The tip of the optical fiber is
only 100 pum in diameter and fully dielectric, minimizing dis-
turbances of the plasma plume. Neither the /-V profile of the
discharge nor its appearance was affected by the presence of
the probe, which leads us to believe that the gas temperatures
measured using this technique represent the gas temper-
atures of an undisturbed jet. Taking into account very low gas
temperatures, this was one of the rare techniques that could
be used for these measurements with minimal disturbance of
the effluent.

The gas temperature profiles as a function of gas flow are
given in figure 4. The error bars represent the standard devia-
tion of the measured temperature for 30s of acquisition with
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Figure 4. Axial temperature profile in the effluent of the jet.

the highest time resolution of the probe (1 ms) at a given posi-
tion. The error bars increase drastically with distance from the
capillary, where the critical distance is further away from the
capillary for higher flows. Coupled with the fact that the vis-
ible plume length also increases with increasing flow in this
flow range, as shown in figure 3, we believe that gas mixing is
responsible for the sudden increase in error bars.

The highest temperatures were recorded for the lowest gas
flow and the maximum recorded temperature was 35 °C. The
relative change between the gas temperatures at the exit of
the capillary and the maximum are less than or equal to 5 °C.
Thus, for calculating the gas composition in the effluent of
the jet, the difference in the temperature of He and air was not
taken into account.

3.2.2. Gas composition in the effluent of the jet and its
relationship with the electric field profies. Figure 5 shows
the simulated gas composition in the effluent of the plasma
jet. The gas composition and velocity were obtained from
a numerical model which solves the Navier—Stokes equa-
tion for the He—air mixture together with the diffusion equa-
tion for He describing the mixing of the two components.
The details of the model can be found in [40], where it was
applied to an Ar—H, microwave plasma torch and indirectly
verified by Rayleigh scattering, and in [41], where it was
applied to an atmospheric-pressure Ar radiofrequency-driven
atmospheric pressure plasma jet in air and validated with
laser-induced fluorescence. To make this model applicable
for He—air mixtures the Ar transport and diffusion coeffi-
cients had to be replaced with those for He (obtained from
[42, 43]) and the buoyant force term, £ = (o, — 0,i,)8 Was
added to the momentum Navier—Stokes equation. The model
does not include heat transfer and assumes the gas mixture
to be under ambient conditions. We estimate that neglecting
the gas temperature increase of 20 °C causes an error of less
than 3% in the calculated velocities and mole fraction, and the
main source of uncertainty remains the diffusion coefficients
(error due to Chapman—-Enskog theory is estimated to be
8% [43]).

The initial mole fraction of air in He already present in the
gas flow was taken to be 0.1% molar fraction to reflect the
upper bound impurity level in the He flow—the reason for
this is found in numerous works showing the importance of
impurities for plasma properties such as the density of excited
species along the plasma plume or the speed of ionization
fronts [38, 44-48]. In [44] it was shown that back-diffusion of
air into the jet system (the capillary in our case) can cause as
much as 120 ppm of air in He for He flow of 1000SCCM at a
comparable cross section of the plasma channel (the capillary
in our case). When the jet was operated in open air without
special attention being paid to the gas line, the level of impuri-
ties increased to 500 ppm of air for 1000 SCCM flow [44]. The
1000 ppm assumed in this simulation is quite large; however,
the calculations were limited to fluid mechanics, excluding all
processes that are sensitive to small additions of electronega-
tive species. As will be shown next, the critical levels of air
admixture to He in this study were at least an order of magni-
tude larger than the 1000 ppm of assumed initial air impurities.

Figure 6 shows the evolution of the molar fraction of air as a
function of flow at the symmetry axis of the jet, gathered from
results shown in figure 5. Two types of characteristic lengths
in this jet are added in the same graph: the visible length of
the plume as shown in figure 3 and the position at which the
maximum FE field was measured, taken from data shown in
figure 2. For now the discussion will be limited to flows up to
1500 sccm, where the length of the plume increases with the
increasing flow at a steady rate, as shown in figure 3.

Correlating the gas composition obtained from the model
with the length of the jet (figure 6) reveals that for flow rates
up to 1500 sccm the visible plume terminates once the mole
fraction of air reaches a value of xa;; = 0.027 4 0.01, which
corresponds to a mass fraction wyjy = 0.163 £ 0.02. The errors
represent the uncertainty of the model (about 10%). These
calculated limiting mole fractions of air in He are an order
of magnitude larger than the initial level of air impurities
imposed in the gas mixture.

Along the length where the electric field was measured the
molar fraction of air does not exceed 0.014; in fact the max-
imum electric field for flows up to and including 1500sccm is
measured at 0.014 air molar fraction for all flows. This result
strongly indicates that the effect of the flow on both the length
of the plume and the electric field profile in the plume is gov-
erned in large part by gas mixing in this type of jet.

Figure 7 shows the effective Townsend ionization coef-
ficient as a function of the He fraction in a He—air mixture.
This represents a case without water in the air; it includes
electron attachment to oxygen molecules but does not take
into account cross-species ionization (ionization is performed
solely by electron impact). Correlating the gas composition
from the simulations that correspond to the highest measured
electric fields (between 98% and 99% molar fraction of He
in electric fields between 16.8 x 10° V. m~! and 17.7 x 10°
V m™') it is shown that the effective ionization coefficient is
approximately (1.9 4 0.1) x 10* m~!, where the given interval
gives the interval of calculated o — 7.

The idea that a small fraction of air can make a difference
in the propagation of ionization fronts is rather old: we would
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Figure 5. Simulated composition of the effluent of the plasma jet. The scale represents the molar fraction of air in the gas mixture.
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Figure 6. The gas composition close to the jet orifice for various
He flow rates. The diamonds indicate the visible length of the
plume (from measurements in figure 3), while the triangles show
the distance from the capillary where the maximum E field was
measured.

like to point out work performed on the topic of streamer dis-
charges [51, 52], where it was shown that very small amounts
of, for example, oxygen influence streamer development.
Following early work on streamers, the effect of impurities
on the appearance, length, velocity and chemical content of
plasma jets has been reported [44—48].

Recent work [38, 39] has shown the importance of oxygen
admixture in the atmosphere into which the plasma plume is
expelled. The presence of oxygen has been shown to enable
the production of He in its metastable state (He) in the plasma
plume; this might be partly responsible for the memory effect
that causes the discharges to propagate along a predetermined
trajectory. The abundance and the lifetime of Hex have been
shown to be a function of gas flow [44], and both abundance
and lifetime were smaller for lower flows. This effect could
be considered to play a role in this work as well; however,
the lifetime of Hex was assessed to be up to 5 us [38, 39, 44],

16.87.7
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Figure 7. The effective Townsend ionization coefficient (first
ionization coefficient, attachment coefficient) for different ratios of
He and air. The calculation was performed using Bolsig+ [49] and
the LXcat database [50]. The area in the top right corner represents
the span of the effective ionization coefficient in this experiment,
with an average at 1.9 x 10* m~!, in a 98.5% molar fraction of He.

which is too short to play a role in the work presented in this
paper due to the operating frequency of 30kHz (thus 33 us
between subsequent discharges).

Another role of oxygen in the surrounding atmosphere is
to form negative ions and cause the discharge to focus into
the previous trajectory [39] giving a memory effect, similar
to charging the inner walls of the glass capillary. This is con-
sidered to be an important factor in the formation of guided
ionization waves in place of streamers, which are not repro-
ducible. The experiments in [39] were performed at 940kHz,
and the time between subsequent discharges was short com-
pared with the conditions in this experiment.

The presence of negative ions, however, is not necessary
for the existence of discharges, just their transition into guided
discharges. Beyond this role, the presence of electronegative
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gasses in the volume where a discharge is forming is detri-
mental to discharge development due to their positive electron
affinity.

3.2.3. High flows. The visible length of the plume satur-
ates at 1750sccm. Two main possibilities are considered to
explain this: (i) the limited amount of power transferred into
the plasma (less that 1 W [22]) and (ii) the possible onset of
vortices.

The initial saturation of the visible length of the discharge
beyond 1500 sccm could very well be due to the fact that the
jet is AC driven and consequently significantly less power is
transferred to the plasma compared with pulse-driven jets.
This is supported by the literature, where it has been sug-
gested that pulsed plasma kHz-driven jets on average have an
order of magnitude higher electron density and electric field
and exhibit an order of magnitude higher ionization front
velocity [6, 9, 10, 20, 53-57].

Another possible reason is the onset of vortices in the
effluent at this high flow rate. The Reynolds number charac-
terizing the flows used in this study is relatively low (143 at
a flow of 2000 sccm). Still, the literature has examples where
vortices are plasma induced even at low Reynolds numbers
[58-65].

Our own measurement using a Schlieren setup (presented
in figure 8) shows the onset of vortices at 2000 sccm in the
volume where the plasma plume is still visible. The measure-
ment setup consisted of a simple two-lens Schlieren system as
described in [66] with a high-power LED at 505nm as a light
source and two lenses of focal length 45 cm . The images were
taken with a blade positioned vertically at the focal point of
the second lens and recorded with a Princeton PIMAX ICCD
camera. The exposure time for every image was 33 s, or one
voltage period.

The top row in figure 8 shows the flow imaged without
and with the plasma, with a reference photograph of the vis-
ible plasma plume, where it is clear that the visible length of
the plasma plume is limited by the vortices induced by the
plasma. The bottom row shows that this effect is not present
in every voltage period. The three lower images were taken at
random during one measurement cycle, at exactly the same
flow, under the same laboratory conditions and using the
same voltage signal. The vortices were observed at random
in the first 2.5 cm outside the capillary. This shows that, in a
long measurement for the determination of the plume length
or electric field, vortices appeared irregularly but still clearly
influenced the visible length and the electric field profile in the
plasma plume.

Vortices are of importance because they dramatically
enhance the gas mixing, and any further increase in the flow
rate does not have an influence on the gas composition, as
observed in [41] in Ar and [37]. In [37], the authors observed
that the jet terminates at a mass fraction of about 0.5, which
is approximately three times higher than in the current work
(note that the original work lists a mole fraction of 0.5 but
private communications with the authors revealed that the
plotted quantity in [37] is, in fact, mass fraction), meaning
that the distance that the plume can reach not only depends
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Figure 8. The effluent of the jet obtained by Schlieren imaging in a
flow of 2000 sccm. The top row shows the flow without and with the
plasma, with a reference image of the visible plume and plasma in
the capillary. The bottom row shows three images of the flow taken
for three different voltage periods at exactly the same settings and
in the same measurement run.

on the gas composition but also on the plasma ignition mech-
anism. It is reasonable to assume that in the jet described in
[37] powered by a pulsed DC power source the maximum
power density inside the tube will be higher compared than
the AC kHz power source and the plume is, therefore, able to
propagate further.

4. Comparison of electric field measurements
with previously published data

Previously published data on electric fields associated with
plasma bullets are scarce, and available through just a few exper-
imental techniques. The technique used in this work has found
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electric field values for AC-driven jets that correspond very
well to the values reported on in [5, 9]. A pulsed jet, although
in a different geometry, but with a comparable maximum
voltage showed the same range of values as the electric field
[8]. Finally, in [11], electric field was measured in the vicinity
of the capillary in which plasma bullets were propagating. The
conditions of flow and gas composition were comparable, the
discharge was driven by unipolar pulses of amplitude 15kV,
and as such created very different conditions for discharge
development with significantly more power deposited into the
plasma. Furthermore, the experiment concerned the discharge
in the capillary and the field was measured by a probe 5Smm
away from the propagation axis of the plasma. The obtained
maximum values were at roughly 5kV cm~!, which is under-
standable given the distance from the propagation trajectory.

This work, however, is the first to obtain data on the effect
of gas flow on the electric field distribution over the length of
the plasma plume in an AC-driven kHz He plasma jet.

5. Conclusions

This paper reports measurements of electric field in a freely
expanding 30kHz AC-driven He jet operated vertically as a
function of gas flow speed. The conclusions can be summa-
rized as follows:

(i) While the minimum and the maximum measured electric
fields remain unchanged, the effect of the gas flow speed
is the stretching of the measured profile in space—the
higher the flow, the longer and less steep the electric field
profile.

(ii) The electric field was measured along the symmetry
axis of the plasma jet and results were obtained along a
length shorter than the length of the plume that can be
observed by imaging. This portion of the profile showed
an increase in the electric field with increasing distance
from the capillary, as already reported in [9, 31]. The
probable cause for this is the contraction of the plasma
bullet as it travels through space away from the capillary,
as already reported in many publications.

(ii1) There are strong indications that the stretching of the elec-
tric field profile with increasing flow speed is caused by
differences in gas mixing as a function of gas flow speed.
The simulated gas composition shows that the amount of
air entrained into the gas flow behaves similarly to the
observed behavior of the electric field; in addition we
have shown that the visible length of the plasma plume
is associated with a 0.027 molar fraction of air in the
He flow, while the maximum electric field measured
was associated with a 0.014 molar fraction of air and an
effective ionization coefficient of 1.9 x 10* m~! (without
assumed water impurities).
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