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Abstract
Typical ionization waves (IWs) are observed during the propagation of nanosecond
pulsed atmospheric pressure plasma jets (APPJs) with argon flow, combining both the
measurement of the axial electric field (Ez) and the temporal resolved optical imaging. The
movement of the luminous APPJ head is recognized as the development of the IW front,
accompanied with the propagation of the peak electric field. Especially, the radial
distribution of Ez transits from a central peak profile before the IW front arrives to a
hollow profile after the pass of the IW front. As for the temporal Ez trend, there is a
mode transition from the single‐peak feature under a low peak voltage to the double‐peak
feature under a higher peak voltage, indicating the existence of both primary and
secondary IWs. The effect of target conditions on the IWs in APPJs is also explored.
With a metal target, no residual electric field is observed before imposing the high‐voltage
pulses. However, with a dielectric target, the residual surface charges generate a back-
ground electric field in the opposite direction to that during IW propagation. In the free
APPJ (with no target), on the voltage falling edge, a negative electric field drives the
electron flow to compensate the positive ions left over during the forward IW propa-
gation on the voltage rising edge.

1 | INTRODUCTION

Atmospheric pressure plasma jet (APPJ) is one of the most
engaged discharge forms in the fields of plasma bio‐medicine
and material treatment, especially when temperature‐sensitive
targets are concerned [1, 2]. Diffusive and highly reproduc-
ible, APPJ has proven its advantage in generating reactive and
functional non‐thermal plasma in the frequently collisional
atmospheric environment [2]. Driving APPJs by means of
high‐voltage (HV) pulses with a short duration on the order
of nanoseconds can further enhance its non‐equilibrium
characteristic, by generating a large number of high‐energy
electrons and reactive species, while maintaining both the gas
environment and the target material at around room
temperature [3].

The formation and functionalization of APPJs are usually
accompanied with the propagation of a luminous region in
space, which can be revealed using the optical imaging with a
nanosecond temporal resolution. This phenomenon is gener-
ally called the plasma bullet and indicates the existence of
transient processes in APPJs behind their visually stable
appearance [2]. In order to explain the discharge propagation
during the transient gas breakdown process, the ionization
wave (IW), first observed by Thomson in 1893 [4], has been
widely adopted [5, 6]. Recently, the concept of ionization wave
has been extended to the field of APPJs and it is proposed that
a pre‐ionized channel with a sufficient seed electron density is
important for the formation of highly reproducible APPJs
[7, 8]. Even so, the applicability of the IW theory to APPJs is
yet to be comprehensively verified.
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To inspect the IW mechanism in APPJs, it is essential to
know the evolution of the local electric field, which is a key
parameter dictating the IW propagation, determining the
electron acceleration, and further influencing excitation,
ionization, and dissociation processes [6]. The electric field‐
induced second harmonic (E‐FISH) is a recently emerging
laser diagnostic technique with a reasonably high spatial–
temporal resolution (up to 50 μm and 500 ps, respectively)
[9‐11]. It has been adopted in different forms of discharges,
including diffuse pin‐to‐plane discharge [12], corona discharge
[13], surface dielectric barrier discharge (DBD) [14], fast IW at
moderate pressure [15], and APPJs in helium [16].

The E‐FISH method provides a non‐intrusive approach to
explore the propagation mechanism of APPJs, as it is neither
limited to the region with detectable luminescence (compared
with optical emission spectroscopy (OES) based on the Stark
splitting effect [17‐19]) nor restricted to the plasma boundary
(compared with probes based on the Pockels effect [20]).
Furthermore, in the previous investigations related to APPJs
mentioned above, a DBD‐like (or pin‐to‐ring) geometry is
mostly chosen and APPJs are formed downstream, in which
the evolution of the electric field is influenced by a dipole‐like
source upstream.

Nanosecond pulsed APPJs are operated with a single‐
electrode geometry in argon flow and the temporal evolution
and spatial distribution of the electric field in APPJs is
measured using the E‐FISH method. Typical structure of the
electric field existing in IWs is obtained during the APPJ
development. Temporal‐resolved optical imaging is used to
visualize the IW propagation. The influence of the peak
voltage and target configuration is also explored.

2 | EXPERIMENTAL METHODS

Figure 1 shows a schematic diagram of the experimental setup.
The discharge gas (argon with a flow rate of 0.5 standard liter per
minute for all operation conditions in the study) is blown through
a horizontally arranged quartz tube, with an inner diameter of 1.5
mm and an outer diameter of 3 mm, into ambient air. A tungsten
pin inside the quartz tube serves as the HVelectrode and there is
an optional plane target facing the nozzle of the quartz tube
perpendicularly. The target can be a grounded copper plate or the
same plate covered by Kapton dielectric tape with a thickness of
about 200 µm.The freeAPPJwithout a target is also investigated.
The distance between the tip of the HVelectrode and the nozzle
of the quartz tube is around 25 mm, whereas the distance
between the target and the nozzle is about 21 mm.

The APPJs under investigation are driven by a customer‐
made nanosecond pulse generator. The voltage waveform on
the HV electrode is measured by a HV probe (VP, Pintech,
P6039A) and the current waveform is measured using a current
transformer (CT, Pearson, 4100). The pulse repetition rate of the
discharge is kept at 1 kHz. Figure 2 shows typical voltage and
current waveforms of the APPJs with different target condi-
tions. The zero point of time is defined as when the peak voltage
is reached (marked in the voltage waveform). The peak voltage

(Vp) can be varied and the time periods for the rising edge,
platform, and falling edge are around 50 ns. As for the measured
current waveform Im, there is a positive peak during the voltage
rising edge and a negative peak during the voltage falling edge.
The displacement current can be obtained from Cs�dV/dt.
Here, dV/dt is the time differential of the voltage waveform and
Cs is the stray capacitance of the discharge geometry, which can
be obtained by applying a lower voltage (below the breakdown
threshold) without discharge [21]. The difference between the
measured current and the displacement current Im‐Cs�dV/dt
gives the conductive current. It can be seen that the displace-
ment current contributes to the majority of the total current,
while the conductive current has a much lower amplitude
compared with the displacement current. With a metal target,
the conductive current appears when there is a conductive
plasma channel formed, i.e. after the head of APPJ touches the
target. This argument will be supported by the temporal
evolution of the discharge images shown in Figure 3. From

F I G U R E 1 A schematic diagram of the experimental setup. (a) the
E‐FISH system. (b) The optical imaging. (c) Typical waveforms of HV, PD
measuring the fundamental laser intensity, and PMT measuring the second
harmonic light. (d) The distribution of the time delay between the
fundamental laser and the HV pulse. LPF, long pass filter; BPF, band pass
filter; FL, focus lens; BD, beam dump; PD, photodiode; PMT,
photomultiplier; VP, voltage probe; CT, current transformer
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Figure 2(a–c), it can be found that the APPJ with aKapton target
has lower conductive current compared with ametal one, and no
distinguished conductive current can be observed in the case
without a target. Similar effect of target condition on the
conductive current has been observed in [22].

In this investigation, the axial electric field (Ez) of the
plasma jet outside the tube nozzle is measured using the
E‐FISH method, which is similar to that in previous studies
[14, 23]. Briefly, the 1064 nm fundamental beam of a nano-
second Nd:YAG laser (Beamtech SGR‐S400, pulse width 7–9
ns, 10 Hz) is focused to the discharge region using a plano‐
convex lens (focal length f ≈ 55 cm). The laser energy is set as
20 mJ per pulse in current work. The measured 1/e2 radius of
the fundamental laser beam around the focal point is
approximately 130 μm, by the traversing knife–edge method.
Consequently, the confocal parameter of the fundamental laser
b1 is about 10 cm [14]. The polarization of the fundamental
laser is horizontal, i.e. it is in the same direction as the APPJ’s
axis. After the laser passes through the discharge region, the

fundamental laser and the second harmonic light are dispersed
in space with a prism. The horizontally polarized component
of the second harmonic light is selected using a polarizer and a
band pass filter. The intensity of the fundamental laser I(ω) and
that of the second harmonic light I(2ω) are detected with a
photodiode (PD, Thorlabs, DET10A2) and a photomultiplier
(PMT, Hamamatsu, R1828‐01), respectively.

Figure 1(c) shows typical waveforms of HV, PD, and PMT,
recorded by the oscilloscope. The Nd:YAG laser and the
nanosecond HV generator are synchronized with a delay
generator (SRS, DG645) and the time interval between the
laser output and the HV pulse, i.e. the time point for the Ez
measurement, can be changed. Signal average over 1000 laser
shots is performed for each location and time point. Notice
that the peak of PMT signal, coming much later than the PD
signal, does not indicate the time when the second harmonic
light is generated, limited by the temporal response of the PMT
pre‐amplifier. The jitter between the fundamental laser and the
HV pulse is about 8 ns, indicated by the full width at half
maximum (FWHM) of the distribution of the delay between
these two signals (as shown in Figure 1(d)), which will further
reduce the temporal resolution of the E‐FISH measurement,
except for the pulse width of the fundamental laser. As a result,
the peak value of the electric field could be under‐estimated,
which is due to that at a certain location, the time period with a
strong electric field during IW propagation (when the IW front
passes by) can be on the order of nanosecond or even sub‐
nanosecond [12].

The calibration of the E‐FISH system is performed by
using a parallel‐plate electrode geometry, with a width of about
12 mm and a gap of about 2.5 mm, which is the same as our
former work [14]. By applying a sub‐breakdown voltage, a
known and uniform electric field E0 is generated, with the
interaction length between the fundamental laser and electric
field L ≈ 12 mm. Under the condition with a uniform electric
field distribution, the intensity of the second harmonic light
I(2ω) can be given by [12].

Ið2ωÞ ∝
�
N χð3ÞE0ðω0Þ IðωÞ L

�2
�
sinðΔk ⋅ L=2Þ
Δk ⋅ L=2

�2

ð1Þ

Here, N is the density of neutral gas. χ(3) is the third‐order
non‐linear susceptibility (hyperpolarizability). E0(ω0) indicates
the external electric field, whose frequency ω0 is much lower
than the laser frequency (ω >> ω0). ∆k is the wavevector
mis‐match between the fundamental laser and the second
harmonic light. The detection limit of the current system,
expressed using the product of external electric field strength
and laser‐electric field interaction length E0⋅L is on the order of
0.5 (kV/cm)⋅cm, taking the contribution of emission from the
discharge, stray light from the laser, and electro‐magnetic
interference into consideration.

Except for the E‐FISH measurement, the temporal evo-
lution of the discharge images is also obtained by using a
camera lens and an intensified charge coupled device (ICCD,
Andor, iStar‐sCMOS18U73), as illustrated in Figure 1(b).

F I G U R E 2 Typical voltage and current waveforms of the APPJs with
different targets. (a) Metal target, (b) Kapton target, and (c) without target
(free APPJ)
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3 | RESULTS AND DISCUSSION

Figure 3 shows the temporal evolution of the discharge
images with different target conditions taken by the ICCD
camera, i.e. (a) metal target, (b) Kapton target, and (c) no
target. The gate width is 5 ns and each frame is accumulated
over multiple pulses. The time point above each image
indicates the starting time of the ICCD gate. The red dashed
line in these figures indicates the location of the nozzle of the
quartz tube (z ¼ 0 in the axial direction). Notice that the
APPJ propagates vertically in Figure 3, due to a reflection
mirror being used when taking the discharge images
(indicated in Figure 1(b)).

As shown in Figure 3a, from 0 to 35 ns, the APPJ
propagates from the nozzle of the quartz tube to the
ground target, indicated by the movement of the luminous
head. A dark column is left over after the luminous head
passes by, which phenomenon is widely observed in
different kinds of APPJs [2, 7]. We call this propagation
process the primary ionization wave. Afterwards, from 40 to
75 ns, there is a secondary propagation of the APPJ
initialized from the nozzle, indicated by the extension of the
bright column (called secondary IW) [24]. Notice that during
the propagation of the secondary IW, there is no obvious
dark column. In addition, the period of secondary IW for-
mation also corresponds to that when there is noticeable
conductive current (shown in Figure 2). The reproducibility
of the APPJs in this work is also checked by the optical
imaging with the ICCD camera, which shows that the APPJ
head reaches a certain position at the same time (in the
frame with the same delay) in repetitive measurements.

In the case of APPJ with a dielectric target shown in
Figure 3(b), the primary IW propagation process is quite
similar as that with a metal target. Even so, the emission in-
tensity during secondary IW propagation process is weaker
than the former one, the exitance of the dielectric prevents the
formation of a conductive plasma channel and continuous
electron heating process. On the other hand, after the primary
IW front touches the dielectric surface, there is a surface IW
propagation process along the dielectric surface, which is also
observed in previous investigations [24].

As for the free APPJ without a target, there is only primary
IW propagation process and no obvious secondary IW exists.
In addition, the propagation velocity of the free APPJ (primary
IW), obtained from the movement of peak emission intensity
in space, is also slower than that with a target, i.e. about
0.45 mm/ns⋅ vs. 0.7 mm/ns.

As the E‐FISH method obtains a line‐integrated signal
along the laser path, it is worth to investigate the radial dis-
tribution of the electric field (assuming a cylindrical symmetry).
With the current experimental setup, it is fulfilled by moving
the APPJ in the vertical direction (in the y direction) while
monitoring the E‐FISH signal I(2ω). When the external elec-
tric field has a non‐uniform spatial distribution, the built‐up
process of the E‐FISH signal for a focused Gaussian beam can
be given by [13, 25],

F I G U R E 3 The temporal evolution of the images of the APPJs with
different targets and with a peak voltage of about 12 kV taken by ICCD
camera: (a) metal target (1800 pulses for each frame), (b) Kapton target
(4000 pulses), (c) free APPJ without target (4000 pulses)
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Ið2ω; yÞ ∝ | Z∞

−∞

Nχð3ÞE0ðω0; x; yÞE21ðωÞ
expði ⋅ ΔkxÞ
1þ i ⋅ 2x=b1

dx|
2

ð2Þ

Here, E1 is the electric field of the fundamental laser. Note that,
as the argon flow is used to generate the APPJ while air is the
surrounding, the different hyperpolarizabilities of argon and air
(χ(3)[Ar] and χ(3)[Air], respectively) are taken into consideration,
i.e. χ(3) ¼ χ(3)[Ar] if r ≤ 0.75 mm and χ(3) ¼ χ(3)[Air] if r > 0.75
mm, with χ(3)[Air]/χ(3)[Ar] ≈ 0.79 [26] and r ¼ (x2þy2)0.5.

In fact, it is no easy task to retrace the radial distribution of
Ez directly from the I(2ω) distribution, e.g. through Abel
inversion, while the extension range of Ez (or how wide Ez
spreads) is more concerned. In the current investigation, we
use several functions, i.e. Gaussian, exponential, and
Lorentzian functions, to fit the measured I(2ω) distribution.
Note that in the case when I(2ω) has a central dip, the
corresponding function with a central dip is used. Similar
fitting process has been performed in [27].

Figure 4 shows typical results for the vertical distribution
of the E‐FISH signal intensity I(2ω) near the nozzle of the
quartz tube (as a representative axial position) at several typical
time points, i.e. 10 ns before I(2ω) peaks, the time point when
the peak I(2ω) is reached, and 45 ns after I(2ω) peaks. Here,
APPJ with a metal target is under investigation. Note that the
third time point is actually within the period of secondary IW.
Figure 5 shows the radial distribution of Ez from the fitting of
measured I(2ω) using the method described above.

Comparing Figure 4(a) and (b), it can be seen that the I(2ω)
distribution before the peak I(2ω) is wider than when peak I
(2ω) is reached, with a FWHM of about 7 and 3.5 mm,
respectively. Consequently, the FWHM for the radial distri-
bution of Ez decreases from about 7.5 to 3.8 mm, as shown in
Figure 5(a) and (b). This means that Ez extends in a broader
range before the peak Ez is reached, which is also wider
compared with the diameter of the APPJ’s tube (≈ 1.5 mm), as
well as the luminous region. This is reasonable as the electric
field belongs to the long‐range interaction, while the optical
emission is due to the presence of excited species, the distri-
bution of which is more localized. Note that the peak Ez ob-
tained from the fitting of the same I(2ω) using different
functions has a relative variation of 20–30%. Note that the
extend range of I(2ω) and Ez is much smaller than both the
coherence length Lc ¼ π/∆k ≈ 6.7 cm and the confocal
parameter b1 ≈ 10 cm, which confirms the validation of
applying E‐FISH method to APPJs [25].

In Figure 4(c), it is interesting to find that after the peak
I(2ω), i.e. after the primary IW front passes by, the distribution
of I(2ω) presents a central dip feature, whichmeans that Ez has a
hollow radial distribution in the plasma channel, as indicated in
Figure 5(c). Note that a hollow structure of the electric field has
also been observed using the Stark splitting of OES in [18] and
on the electro‐optic target deposited by APPJs (i.e. the
boundary region) in [28]. This result helps to explain the hollow

(or ring‐shape) structure for the radial distribution of the
emission intensity in APPJs, which is extensively observed [29],
and also confirms the simulated results in [30].

Based on the investigation related to the radial distribution
of Ez described above, it can be concluded that due to the
dynamic nature of the IW propagation, the radial extent of Ez in
APPJs changes on the nanoseconds time scale and the value
of peak Ez depends on this distribution corresponding to a
same I(2ω) value. When the axial distribution of Ez is

F I G U R E 4 The vertical distribution (in the y direction according to
Figure 1) of the second harmonic light intensity I(2ω) near the nozzle of the
quartz tube (z ¼ 0 in the axial direction) with a peak voltage of 12 kV and a
metal target, from both the measurement and the fitting: (a) 10 ns before
the time point when I(2ω) peaks, (b) the time point when the peak I(2ω) is
reached, (c) 45 ns after the time point when I(2ω) peaks

F I G U R E 5 The radial distribution of the axial electric field Ez near the
nozzle of the quartz tube (z ¼ 0 in the axial direction) with a peak voltage
of 12 kV and a metal target, obtained from the fitting of I(2ω): (a) 10 ns
before the time point when I(2ω) peaks, (b) the time point when the peak I
(2ω) is reached, and (c) 45 ns after the time point when I(2ω) peaks
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concerned, ideally, for each axial location and each time point,
the radial distribution of Ez should be retraced in order to obtain
the value of peak Ez, which is out of the capacity of the current
system. Therefore, in the following, a parameter <Ez⋅x> ∝ I
(2ω)0.5/I(ω), based on the calibration result of the E‐FISH
system with the known and uniform electric field generated by
the parallel‐plate electrode (i.e. the relationship between E0⋅L
and I(2ω)0.5/I(ω)), is used to demonstrate the IW propagation.
The physical meaning of <Ez⋅x> is the line‐integrated axial
electric field along the laser path, weighted by all factors,
including the hyperpolarizabilities of different gas components
and the distribution of fundamental laser intensity. Even though
two gas components (argon and air) exist and the intensity of
second harmonic light is determined by χ(3) of both gases, the
difference between χ(3)[Air] and χ(3)[Ar] is not very huge
(χ(3)[Air]/χ(3)[Ar] ≈ 0.79). Therefore, it is safe to argue that the
influence of different χ(3) on <Ez⋅x> is within 20%, considering
that the argon flow expands within the tube diameter (1.5 mm)
while Ez exists in a wider range of several millimetres. This also
partially explains why we choose argon as the operation gas of
APPJs in this work (instead of helium which is commonly used
in APPJs, with χ(3)[Air]/χ(3)[He] ≈ 22 [26]). Even so, it can still
be suspected that the electric field within the argon flow region
will contributes more to the final amplitude of I(2ω) due to both
the slightly larger χ(3)[Ar] and the higher fundamental laser
density (as the focal point of the laser is within the argon flow
region in the experiment). The same approach has been per-
formed in [23, 27], which does not invade the major contents of
the current work. Especially, in [27], different gas components
also exist in APPJs (nitrogen and air).

Figure 6 shows the measured temporal <Ez⋅x> evolution at
different axial locations in the APPJ with a metal target and with
a peak voltage of about 12 kV. The nozzle of the quartz tube is
at 0 mm and the target is at 21 mm. It can be seen that there is a
distinguished two‐peak feature for the <Ez⋅x> evolution and
the peak <Ez⋅x> is reached later for a position further away
from the nozzle, corresponding to the primary and secondary
IWs. The value of peak <Ez⋅x> near the nozzle is about
7 (kV/cm)⋅cm, which gives a peak Ez of about 15 kV/cm based
on the fitting results in Figures 4 and 5. As a comparison, the
peak Ez value obtained with the E‐FISH method is comparable
with those from the Stark splitting of OES in [17‐19], while it is
higher than that from the probes based on the Pockels effect in
[20], as the latter method measures the electric field away from
the discharge region of the APPJs.

For the first Ez peak, a typical IW feature can be observed
[31], i.e. (1) electric field enhancement before the breakdown
happens, indicating the approach of the IW front; (2) drastic
drop of electric field during the breakdown process, as a result
of electron multiplication and shielding effect due to charge
separation; (3) weak electric field after the breakdown happens.
Note that this weak electric field can explain the formation of
the dark region after the luminous head of the APPJ passes by
during the propagation of the primary IW (shown in Figure 3),
which is not strong enough to give rise to intensive excitation
processes, but is still able to drive the current to sustain the
discharge propagation. A similar “dip” of the emission

intensity is also observed in the fast ionization wave (FIW)
discharge propagating in a long tube operated at a moderate
pressure in our previous work, in which the drop of the
emission intensity after the FIW front passes by shares the
same physical mechanism as the dark region in the APPJ [32].

As for the second peak of the electric field, it has a lower
peak value but a larger time–width compared with the first one.
This feature can explain why there is no dark region during the
secondary IW. It is demonstrated that the secondary IW
propagates in the conductive channel left from the primary IW
[24], i.e. there is a higher pre‐ionization degree for the sec-
ondary IW. It is also proved in former investigation that a
higher pre‐ionization degree will decrease the peak electric
field at the wavefront region but increases the electric field in
the region after the wavefront passes by, turning the profile of
the emission intensity from a “dip” feature to a continuously
increasing feature [32].

Based on the evolution of the electric field observed above,
it can be suspected that the strong electric field at the IW front
region can enhance the generation of high‐energy electrons,
which will further contribute to the formation of active species
in APPJs. Similarly, the secondary IW process will reinforce the
density of active species (proved by the ever‐increasing
emission intensity in Figure 3a).

Figure 7(a) and (b) shows the temporal <Ez⋅x> evolution
at different locations in the APPJs with a metal target and with
a peak voltage of about 10 and 15 kV, respectively. It can be
seen that when Vp rises from 10 to 15 kV, the velocity of the
primary IW increases significantly from 0.5 to 1.3 mm/ns,
which is accompanied with the increase of the average <Ez⋅x>
at the wave front from about 5.7 to 6.8 (kV/cm)⋅cm, showing
the correlation between the propagation velocity of APPJs and
the peak electric field, i.e. a stronger electric field induced by
the higher voltage amplitude (larger potential gradient) will
enhance the ionization processes near the IW front region and
accelerate the IW propagation [33]. It can also be seen that
with a low Vp value of 10 kV, Ez presents a single‐peak feature,

F I G U R E 6 The temporal evolution of <Ez⋅x> at different locations in
the APPJ with a metal target and with a peak voltage of about 12 kV
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indicating only one propagation process for the APPJ exists,
i.e. there is only primary IW and no secondary IW. The
explanation is that in this case the initiation of IW propagation
outside the nozzle is later and its propagation velocity is also
slower, as a result of which, at the end of the primary IW, the
voltage on the HV electrode already turns to the falling edge
and cannot maintain a secondary IW propagation. On the
contrary, there is a very pronounced secondary IW propagation
with Vp ≈ 15 kV, sustained by the large potential difference
between the HV electrode and the ground target at the end of
primary IW propagation.

Figure 8(a) and (b) shows the temporal evolution of the
<Ez⋅x> at different locations in the APPJs with the Kapton
target and without target (floating), respectively.

With the dielectric target, one noticeable feature is that
before HV is applied, there already exists a pronounced electric
field, whose value decreases drastically away from the dielectric

target, i.e. <Ez⋅x> ≈ 4.4 (kV/cm)⋅cm near the target (at 21
mm) and <Ez⋅x> drastically drops to 1.4 (kV/cm)⋅cm at 7 mm
away from the target. This electric field is due to the existence
of residual charges on the dielectric surface left‐over by the
previous pulse. Indeed, by using a Kelvin electrostatic probe
and performing an off‐line measurement (as has performed in
[14]), it is verified that the residual surface potential of the
dielectric at around one minute after the discharge is around 2–
3 kV (positive). This means that the polarity of the surface
charges deposited by the APPJ is the same as the HV polarity
and the direction of the electric field generated by the residual
surface charges is in the opposite direction to that during IW
propagation. Therefore, the electric field is reversed before and
after the HV duration in Figure 8(a) and the flip point is
chosen to be the local minimum value, similar as [14, 16].
Notice that the significant sign‐reversal “jumps” in this figure,
which do not occur in reality, is explained by both the limited
spatial resolution (∼ 260 µm in the direction perpendicular to
the laser beam) and temporal resolution (laser pulse width ≈ 7–
9 ns plus jitter between laser and HV pulse ≈ 8 ns) of the E‐
FISH system used in current work and the intensity of the
second harmonic light does not decrease to zero in the
measurement.

As for the free APPJ without a target, the velocity of the
primary IW is slower compared with the cases with a target,
which is consistent with the discharge images. A distinguished
difference is related to the second Ez peak. In the free APPJ, the
second Ez peak is the strongest near the nozzle and decays away
from the nozzle. In contrast, with a target, it is stronger away
from the nozzle (as shown in Figures 6 and 7). In addition, the
second Ez peak in the free APPJ appears during the voltage
falling edge, while the second Ez peak in the APPJ with a target
appears during the voltage plateau. Note that there is no second
propagation during the voltage falling edge in the APPJ with a
metal target under a low peak voltage (shown in Figure 7a). On
the basis of these two points of difference, it is reasonable to
argue that the mechanism underlying the secondary propagation
process in the APPJ without a target is different from the sec-
ondary IW. In a free APPJ case, during the voltage falling edge,
the electrons are supplied toward the head of the jet (where
positive ions are left over during the first propagation process)
under a reversed electric field.

4 | SUMMARY AND CONCLUSIONS

The study has used E‐FISH method to measure the temporal
evolution and spatial distribution of the axial electric field in
the nanosecond pulsed APPJs. Temporally resolved optical
imaging is used to visualize the APPJ propagation process.
Combining both methods, it is verified that IW exists during
the APPJ development, i.e. the movement of luminous APPJ
head is accompanied with the propagation of IW front indi-
cated by the peak electric field.

Importantly, it is found that before the (primary) IW front
arrives, the radial distribution of Ez presents a central‐peak

F I G U R E 7 The temporal evolution of <Ez⋅x> at different locations in
the APPJ with a metal target: (a) Vp ≈ 10 kV, (b) Vp ≈ 15 kV
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profile and the radial expansion of Ez decreases as the IW front
approaches. However, after the (primary) IW front passes by,
i.e. in the plasma channel, Ez has a hollow radial distribution.
In addition, with the increase of the peak voltage, both the IW
propagation velocity and the peak electric field at the wave
front region increase. The single‐peak feature of the electric
field under a low peak voltage transfers to the double‐peak
feature under a higher peak voltage, indicating the existence of
both primary and secondary IWs.

The influence of target conditions on the electric field
evolution in the APPJs is also investigated. In the metal target
cases, there is no residual electric field before the HV pulses
are imposed. In the APPJ with a dielectric target, the residual
surface charges generate a background electric field in the
opposite direction to that during IW propagation. While in the
free APPJ without a target, on the voltage falling edge, a
negative electric field drives the electron flow to compensate
the positive ions left over during the forward IW propagation
on the voltage rising edge.
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