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Atmospheric diffuse plasma jet formation from
positive-pseudo-streamer and negative pulseless
glow discharges
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Jie Tang 1,2✉, Wei Zhao1,2 & Yixiang Duan4

Atmospheric gas discharge is very likely to constrict into filaments and diffuse plasma for-

mation is inefficient in most cases. Developing cost-efficient atmospheric diffuse plasma

devices represents a significant challenge for high performance in biomedical decontami-

nation and material processing. Here, we propose an alternative roadmap to produce a diffuse

argon plasma jet by expanding and quenching the existing filamentary discharge at the initial

or middle stage of streamer development. Possible mechanisms are summarized. With the

gas flow velocity comparable to the ion drift one, enhancing ambipolar diffusion near the edge

of the positive-streamer channel promotes the radial diffusion of newly-produced electrons,

realizing the radial expansion of channel. Weakening electric field in front of the streamer

head through head expansion and field offset, prevents the further development of streamer,

leading to a positive-pseudo-streamer discharge. Reducing electric field in front of the

negative-streamer head through ion compensation, impedes the initial growth of streamer,

resulting in a negative pulseless glow discharge. The positive-pseudo-streamer and negative

pulseless glow discharges function together to form the diffuse plasma jet.

https://doi.org/10.1038/s42005-021-00566-8 OPEN

1 State Key Laboratory of Transient Optics and Photonics, Xi’an Institute of Optics and Precision Mechanics of CAS, Xi’an, China. 2 School of Future
Technology, University of Chinese Academy of Sciences, Beijing, China. 3 Faculty of Mathematics and Physics, Huaiyin Institute of Technology,
Huai’an, China. 4 Key Laboratory of Synthetic and Natural Functional Molecule Chemistry of Ministry of Education, College of Chemistry and Materials
Science, Northwest University, Xi’an, China. 5These authors contributed equally: Jing Li, Bingying Lei. ✉email: tangjie@opt.ac.cn

COMMUNICATIONS PHYSICS |            (2021) 4:64 | https://doi.org/10.1038/s42005-021-00566-8 | www.nature.com/commsphys 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00566-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00566-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00566-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-021-00566-8&domain=pdf
http://orcid.org/0000-0002-3843-3907
http://orcid.org/0000-0002-3843-3907
http://orcid.org/0000-0002-3843-3907
http://orcid.org/0000-0002-3843-3907
http://orcid.org/0000-0002-3843-3907
http://orcid.org/0000-0003-2162-6830
http://orcid.org/0000-0003-2162-6830
http://orcid.org/0000-0003-2162-6830
http://orcid.org/0000-0003-2162-6830
http://orcid.org/0000-0003-2162-6830
mailto:tangjie@opt.ac.cn
www.nature.com/commsphys
www.nature.com/commsphys


Recently, nonequilibrium atmospheric-pressure plasmas
have received increasing attention due to their various
potential applications, such as biomedical decontamina-

tion, material processing, thin film deposition, chemical analysis,
and nanoscience1–5. Atmospheric-pressure plasma jets (APPJs)
are becoming a competitive plasma device, because they deliver
abundant active species from the confined space to the open air,
which can be used to directly treat objects without the limitation
on the shape and size6–11. The APPJs are generally produced by
dielectric-barrier discharges (DBDs) because of the simple elec-
trode configuration and low power consumption. To avoid
damaging samples due to the Joule heat, many research efforts are
devoted to achieving a diffuse Townsend or glow-like DBD,
rather than a filamentary one. Plasma diffusion and plasma sta-
bility are particularly important in generation and application of
the APPJs. To meet the requirements, expensive helium is fre-
quently used as feeding gas, where a streamer-like diffuse dis-
charge is guided by a dielectric tube12–17. When using available
low-cost argon at atmospheric pressure, the discharge channel is
very likely to constrict into filament, where this filamentary dis-
charge is dominated by positive and negative streamers18–21. This
harmful factor remains a major obstacle in effectively and effi-
ciently utilizing plasmas. To prevent the discharge constrict, some
additives, including hydrogen, acetone, and ammonia, were
usually added to the argon flow to form diffuse plasma by slowing
down the ionization rate22–25. Our previous work showed that a
diffuse plasma could be transformed from a filamentary discharge
by expanding the preexisting filaments10. But the low transfor-
mation efficiency largely reduces the plasma chemical activity. In
addition, other methods, such as fast rising time of pulse voltage,
dielectric-barrier with shallow traps, and preheated feeding gas
also make it possible to realize atmospheric diffuse discharge26–30.
Almost all the methods mentioned above are based on the well-
known streamer coupling model, where multiple streamers
develop simultaneously and couple into a large discharge channel
under a relatively low electric field25,31. Although this model
contributes much to understanding and producing diffuse dis-
charges, the adverse behavior of likely-formed-filament DBDs at
atmospheric pressure still largely restrains the popularization and
application of plasma devices. Thus, an untraditional roadmap is
in urgent need for realizing diffuse DBDs at atmospheric
pressure.

In this paper, in contrast to the streamer coupling model, an
alternative train of thought is demonstrated to generate a stable
and diffuse plasma by expanding and quenching the existing
filamentary discharge at the initial or middle stage of the streamer
development. Based on this guideline, a promising method is
proposed to produce diffuse APPJs by a combination of pseudo-
streamer discharge and pulseless glow discharge in the positive
and negative alternations of applied voltage, respectively. This
combination process is realized by technically controlling the gas
flow in a large gap DBD, which is equipped with a thin quartz
tube in a linear field. This work provides us another route to
understand and explore the diffuse discharge formation.

Results
Electrical and optical emission characteristics. Figure 1a shows
the experiment was performed in a cylindrical DBD system. The
feeding gas argon (99.999%) flows into a thin quartz tube from
the upper inlet (indicating by the blue arrow), ejects out of the
tube from the nozzle, and rushes toward the ground electrode
(GE). When the applied voltage increases to a certain value, there
occurs the gas breakdown between the high-voltage electrode
(HVE) and GE. The plasma jet pattern (filament or diffusion) is
controlled by adjusting the gas flow. Figure 1b shows the

electrostatic field pattern associated with the cylindrical DBD,
which was calculated by solving the Laplacian equation in an
axisymmetric cylindrical coordinate (r–z). The geometry config-
uration and material properties in the numerical simulation are
the same as those in the experiment. The relative permittivity of
quartz tube is set as 3.7. We modeled the field distribution by
imposing a potential of 11 kV between the two electrodes without
discharge. The potential value approximately equals the ampli-
tude of the sinusoidal alternating high voltage applied in the
experiment. It is clearly seen that the electric field between the
electrodes is parallel with the tube axis and the discharge occurs
in a linear field (rather than a cross-field), in which the charged
particles drift along or against the gas flow. The distribution of
electric field along the quartz tube axis is shown in Fig. 1c. It is
found that the electric field presents a small rise near the HVE
and reaches its maximum of 8.8 kV cm−1 at z=−22 mm. After a
sharp drop and a slow decrease through the quartz tube, the
electric field arrives at the minimum of 1.3 kV cm−1 at the nozzle
(z= 0). Following a fluctuation due to the rapid permittivity
variation on the nozzle end face, the electric field decreases slowly
and reaches its local minimum at z= 4 mm in the open air.
Finally, the field increases again and reaches its local maximum of
4.5 kV cm−1 at the GE.

Fig. 1 Experimental arrangement and electrostatic field characterization.
a Schematic diagram of the experimental setup. The gas flow is indicated by
the blue arrow. The plasma jet extends along the z-axis. HVE, GE, PMT, and
ICCD mean the high-voltage electrode, ground electrode, photomultiplier
tube, and intensified charge-coupled device, respectively. b The
electrostatic field pattern of the cylindrical dielectric-barrier discharge
(DBD), modeled by imposing a potential 11 kV between the electrodes. The
relative permittivity of quartz tube is set as 3.7. c The distribution of electric
field along the central axis of the quartz tube. The blue circles are the
simulation data of electric field. The position of HVE and GE is marked by
the red arrow. The shaded region is introduced in order to focus the
attention on the area, where a plasma jet could be produced.
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Figure 2 shows the typical waveforms of displacement current,
discharge current (subtracting the displacement component from
the total current), and integrated light emission from the plasma jet,
along with the applied voltage (peak voltage 11.6 kV) under
different gas flowrates. When the flowrate is set at 0.5 l min−1, it
follows from the discharge current waveform in Fig. 2a that several
current pulses are irregularly presented in both the positive and
negative alternations, with the maximum current peak about
250mA. An approximately symmetric temporal evolution of
discharge current appears in the whole cycle, despite of the
asymmetric electrode configuration. Examining the light emission
indicates that the plasma jet emits light at each current pulse. As
seen from Fig. 2b, with the flowrate increasing to 1.1 l min−1, both
the discharge current and light emission exhibit similar temporal
evolutions as the case at 0.5 l min−1, except that the maximum
current peak increases to about 330mA. In the two cases, the
current pulse width ranges from 150 to 350 ns and the time interval
of current pulses remains in the range of 6–12 μs, which is qualified
as the typical characteristic of microdischarge consisting of many
discharge filaments in the gas gap32. The displacement current is
much smaller than the discharge current. For clear observation, the
displacement component is enlarged by ten times in Fig. 2a, b. With
the applied voltage unvaried, the displacement current has the same
temporal evolution at 0.5 l min−1 and 1.1 l min−1.

When the flowrate increases to 2.2 l min−1, a great change occurs
in the temporal evolution of discharge current, as shown in Fig. 2c.
A remarkable feature is that the current pulses only appear in the
positive alternation and no pulses are observed in the negative one.
The maximum current peak sharply drops to around 30mA. It is
worthy of notice that almost no current components could be
distinguished in the negative alternation even though a room was
made during the current signal acquisition, which is probably

attributed to the detection capacity limitation of the instruments
employed in our experiment. But to our surprise, the light emission
from the plasma jet could be detected not only in the positive but
also in the negative alternation. In the negative alternation, the
temporal evolution of light emission follows a ripple-shape, rather
than a sharp pulse. To compare the light emissions recorded in the
positive and negative alternations clearly, their temporal evolutions
marked in the gray and orange shadows are enlarged and shown in
Fig. 2e, f, respectively. Although the emission intensity in the
negative alternation is much smaller than that in the positive one,
its duration occupies a quarter of the cycle (~30 μs) and far exceeds
the typical width of light emission pulse (~230 ns). The discharge
current changes greatly in comparison with the cases at 0.5 l min−1

and 1.1 l min−1, but the displacement current does not change at all
and exhibits the same waveform as shown in Fig. 2a, b.

The waveforms of discharge current and light emission for the
discharge at 7.8 l min−1 were shown in Fig. 2d. It is found that in
comparison with the case at 2.2 l min−1, the peak current in the
positive alternation rises to some extent and its maximum nearly
increases to 50 mA. Contrastingly, the current pulse is clearly
observed once again in the negative alternation and its peak
current is comparable to most of the counterparts in the positive
alternation. The discharge current waveform indicates that the
discharge assumes a typical characteristic of microdischarge. This
characteristic is also verified by the light emission examination,
where the light emission is observed at each current pulse in the
positive and negative alternations, with its pulse width <350 ns.
With increasing the gas flowrate, a great change is observed in the
discharge current and light emission, but the displacement
current remains unvaried all throughout.

The morphology of plasma jet were examined under three
different gas flowrates, with the results shown in Fig. 3. Figure 3a

Fig. 2 Electrical characteristics of the plasma source. a Typical waveforms of applied voltage (gray solid line), discharge current (dark blue solid line),
displacement current (light blue solid line), and integrated light emission (light red solid line) with the gas flowrate fixed at 0.5 l min−1. The displacement
component is enlarged by ten times. b Same as a, but with the gas flowrate fixed at 1.1 l min−1. c Typical waveforms of applied voltage (gray solid line),
discharge current (dark blue solid line), displacement current (light blue solid line), and integrated light emission (red solid line) with the gas flowrate fixed
at 2.2 l min−1. d Same as c, but with the gas flowrate fixed at 7.8 l min−1 and the light emission indicated by the light red solid line. e The enlarged
view of the applied voltage (gray solid line) and light emission (red solid line) marked in the gray shadow in the positive alternation at 2.2 l min−1 in c.
f The enlarged view of the applied voltage (gray solid line) and light emission (red solid line) marked in the orange shadow in the negative alternation at
2.2 l min−1 in c. The shaded regions are introduced in order to focus the attention on the difference of light emission in the negative alternation from that in
the positive alternation.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00566-8 ARTICLE

COMMUNICATIONS PHYSICS |            (2021) 4:64 | https://doi.org/10.1038/s42005-021-00566-8 | www.nature.com/commsphys 3

www.nature.com/commsphys
www.nature.com/commsphys


shows several typical physical appearances of the plasma jet
produced at 0.5 l min−1. The images were captured by a digital
camera with the exposure time of 10 ms. It is found that the
41 mm long gas gap is occupied by many discharge filaments. To
go further into the filaments, a fast intensified charge-coupled
device (ICCD) camera was employed to clarify the discharge
details. The gate width was 4 μs and the detailed capture strategy
can be found in the “Methods” section. For observing the plasma
patterns more clearly, the tube profile without discharge is
exhibited in Fig. 3d. Figure 3d also shows the images of filaments
generated in four random current pulses for both the positive and
negative alternations. Significantly, for each current pulse, only
one filament is produced in the thin quartz tube.

Figure 3b shows the plasma jet generated at the gas flowrate of
2.2 l min−1. It is obviously observed that the discharge transforms
from the filamentary regime into the diffuse mode and the visible
region of the plasma jet extends downstream only about 8 mm
away from the nozzle. The stability of the diffuse plasma was
verified by monitoring of the plasma jet continuously working for
several hours without mode transition. To further identify the
diffuse feature of the plasma jet, ICCD images were taken with
the gate width of 4 μs (much less than the duration of light
emission in the negative alternation), with the results shown in
Fig. 3e. It is seen that even for the random narrow current pulses
in the positive alternation, the quartz tube is filled with diffuse
plasma, rather than the filament. This feature is quite different

Fig. 3 Physical appearances of the plasma jet. a Typical images of the plasma jet acquired by a digital camera with the gas flowrate fixed at 0.5 l min−1 at
four different moments. The plasma jet extends along the z-axis, with its length of 18 mm. The exposure time is 10ms. b Same as a, but with the gas
flowrate fixed at 2.2 l min−1 at four different moments. c Same as a, but with the gas flowrate fixed at 7.8 l min−1 at four different moments. d Typical
images of the plasma jet captured by a fast intensified charge-coupled device (ICCD) camera with the gas flowrate fixed at 0.5 l min−1 at four random
current pulses for both the positive alternation (PA) and negative alternation (NA), as well as the tube profile without discharge. Images in PA and NA are
separated by the red dashed line. The gate width is 4 μs. e Same as d, but with the gas flowrate fixed at 2.2 l min−1 at six random current pulses for both PA
and NA. f Same as d, but with the gas flowrate fixed at 7.8 l min−1 at four random current pulses for both PA and NA. g Plots (purple solid circle) of the
plasma jet length as a function of the gas flowrate. Within the flowrate range from 2.2 to 7.8 l min−1, the plots show an average of five experimental
measurements, and the measurement uncertainty (one standard deviation) is indicated by the error bars and is estimated to be 5–7%. The shaded regions
are introduced in order to focus the attention on the variation of discharge mode with the gas flowrate, i.e., gray shadow for the filamentary discharge,
green shadow for the diffuse discharge, orange shadow for the mixing mode of filamentary and diffuse discharge, and red shadow for the discharge
interruption. h Spatial distributions of light intensity of discharge along the transverse direction at the distance of 1 mm away from the nozzle for the gas
flowrates of 0.5 l min−1 (black dotted line), 2.2 l min−1 (red solid line), and 7.8 l min−1 (blue dashed line). The origin is set at the center of the quartz tube.
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from the traditional filamentary DBDs, where the random narrow
current pulse is always accompanied by the luminous filaments32.

With the gas flowrate further increasing, the length of the
diffuse plasma jet grows, as shown in Fig. 3g. When approaching
5.1 l min−1, the length increases to around 9.5 mm and the diffuse
plasma jet starts to become unstable, where the diffuse plasma is
mixed with sparse filaments and these filaments extend toward
the GE. The number of filaments grows with increasing
the flowrate. Meanwhile, the diffuse plasma gives place to the
filaments and gradually fades away. The length of the diffuse
plasma jet reaches its maximum of 12 mm at 6.8 l min−1. When
the flowrate reaches up to 7.8 l min−1, a great number of
filaments bridge the gas gap, and the discharge thoroughly turns
back to a filamentary one. The filamentary discharge cannot be
sustained with the gas flowrate increasing beyond 12.3 l min−1.
Figure 3c exhibits the filamentary discharge with the flowrate of
7.8 l min−1 at four different moments. The ICCD images in
Fig. 3f further indicate that this filament can be observed in both
the positive and negative alternations of applied voltage.

To clarify the difference of the discharge profiles at the three
gas flowrates, the spatial distributions of light intensity of these
discharges in the transverse direction at the distance of 1 mm
away from the nozzle are comparatively shown in Fig. 3h. Here,
the intensity curves (normalized to their respective maximum)
were calculated from one of the plasma jet digital photographs
shown in Fig. 3a–c, respectively. It follows that a similar spatial
distribution of light intensity exists in the filamentary discharges
at 0.5 and 7.8 l min−1, where three intensity peaks are observed
obviously. But for the diffuse discharge at 2.2 l min−1, the light
intensity approximately presents a ladder-shaped profile along
the transverse direction.

Proposing mechanisms of the diffuse plasma formation. The
waveform of discharge current in the positive alternation sug-
gests that the discharge is operated in the positive-streamer
regime33. Recent simulations showed that the electric field at
the streamer head is much higher than that in the streamer
channel and the average field across the whole streamer channel
is nearly equal to the external electric field34,35. For simplicity
of calculation, the average field E approximately takes the
value of 2.7 kV cm−1, i.e., the field breakdown threshold
in atmospheric pure argon36. Assuming the electron
mobility μe= 3.9 × 102 cm2 v−1 s−1 and the ion mobility
μI= 1.9 cm2 v−1 s−1 37, the electron drift velocity ve and the ion
drift velocity vi in the streamer channel are estimated to be
1.1 × 106 cm s−1 and 5.1 × 103 cm s−1, respectively. Our pre-
vious work indicated that the gas temperature in the streamer
channel was as high as 780 K and much higher than the room
temperature21. Several collisions of particles in discharge, lar-
gely depending on the gas temperature and electron energy,
eliminate the initial oriented velocity of charged particles36.
Thus, the influence of gas flow on the electron and ion drift
velocity in the streamer channel is negligible. In our case, the
filaments are confined in the thin quartz tube, which prevents
the filaments from being distorted largely and makes the elec-
trons and ions drift along the quartz tube axis as far as possible.

It is generally accepted that the formation and evolution of
filaments in DBDs could be influenced by the residual charged
particles coming from the last discharge32. According to the
relationship between the current I and electron density, the peak
electron density is expressed as nep ¼ I=πr2eve, where e is the unit
charge and r is the filament radius. With the peak current about
300 mA and the diameter of filaments around 0.02 cm (deter-
mined by comparing the filament images with the tube profile in
Fig. 3d), the peak electron density in the streamer channel is

estimated to be 5.43 × 1015 cm−3. For argon discharge, the
recombination coefficient β is about 1 × 10−7 cm3 s−1 36. The
electron density ne(t) after the discharge termination can be
derived from the differential equation ∂neðtÞ=∂t ¼ �βneðtÞ2, and
we obtain

neðtÞ ¼
1

n�1
ep þ βt

: ð1Þ

With the driving frequency of 8.9 kHz, the residual electron
density just before the next half-cycle discharge is determined to be
1.78 × 1011 cm−3. These residual charged particles, especially the
positive ions, do not stay still, but drift along with the gas flow,
leading to the destroy of memory effect38. This is the main reason
for the formation of irregular filaments at 0.5 and 1.1 l min−1. The
happening of filamentary discharge suggests that the residual
charged particles, acting as seeding electrons, do not reach the
minimum pre-ionization level required for the streamer coupling to
form a diffuse plasma.

It is likely that more feeding gas could be ionized with
increasing the gas flow, where more seeding electrons are
provided for the formation of diffuse plasma through the
streamer coupling in the next half-cycle discharge. For easier
comparison, we assume that the discharge occurs uniformly
along the cross-section of the tube for both the filamentary and
diffuse modes. With the peak current of 300 mA in the
filamentary discharge and 30 mA in the diffuse discharge, the
peak electron density during the discharge is, respectively,
estimated to be 2.17 × 1014 and 2.17 × 1013 cm−3 for the two
cases. Based on Eq. (1), the residual electron density just before
the next half-cycle discharge is calculated as 1.78 × 1011 cm−3 for
the filamentary mode and 1.77 × 1011 cm−3 for the diffuse mode.
It is found that the increase of gas flow does not enhance the
seeding electron density but reduces it a little in our case. This
means that the formation of diffuse plasma jet at the higher gas
flowrate of 2.2 l min−1 does not result from the improvement of
pre-ionization level.

Here, maintaining gas flow in a limited flowrate range from 2.2
to 5.1 l min−1 allows for the discharge transition from filamentary
to diffuse mode, which suggests that the root cause of the diffuse
discharge formation should be sought from the gas flow itself. At
the small gas flowrates of 0.5 and 1.1 l min−1, the velocities of the
residual charged particles due to the gas flow velocity vg are,
respectively, estimated to be 1.1 × 103 and 2.3 × 103 cm s−1, which
are much less than the drift velocities of electrons and ions newly
produced in the streamer channel. Since the drag force due to the
gas flow is only valid for macroscopic objects39, the effect of gas
flow on the residual electrons is not considered. These remnants
have almost no effect on the filament evolvement. But as the gas
flowrate increases to the range of 2.2 to 5.1 l min−1, the
corresponding velocity of residual charged particles varies from
4.4 × 103 to 1.1 × 104 cm s−1. This value is much smaller than the
electron drift velocity, but comparable to the ion drift one, i.e.,
about 0.9–2.1 times of the ion drift velocity (5.1 × 103 cm s−1).
When these residual ions move with the comparable velocity in
the same direction as the ions newly produced in the streamer
channel, the residual and newly produced ions almost could not
be distinguished from each other. Then, the residual ions, the
newly produced ions, and the newly produced electrons in the
streamer channel compose a subsystem, in which the residual and
newly produced ions could form a unified whole and influence
the motion of newly produced electrons in the same manner40.
The number density of ions substantially increases near the edge
of the streamer channel in the subsystem, due to the assistance of
the residual ions. Based on the diffusion-recombination
theory41,42, the ambipolar diffusion is considered as the major
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factor that withstands the filament formation. The ambipolar
diffusion coefficient can be derived as42:

Da �
De

μe

½Arþ�
ne

μi1 þ
½Arþ2 �
ne

μi2

� �
: ð2Þ

Here, De is the free diffusion coefficient of electrons, ne is the
number density of electrons newly produced in the streamer
channel, and μi1 and μi2 are mobilities of atomic and molecular
argon ions, respectively. Recent simulations also showed that the
number density of molecular argon ions ½Arþ2 � is much more than
that of the atomic argon ions ½Arþ� in atmospheric argon
discharges43–45. Thus, Eq. (2) is modified as:

Da �
Deμi2
μe

Arþ2
� �

ch

ne
þ Arþ2
� �

res

ne

 !
; ð3Þ

where Arþ2
� �

ch represents the number density of molecular argon
ions newly produced in the streamer channel and Arþ2

� �
res means

the number density of residual ions in the gas gap. Since the
movement of residual electrons is quite different from the newly
produced electrons in the streamer channel, the residual electrons
are not taken into account in this subsystem. In the channel, the
discharge is electrically neutral and Arþ2

� �
ch approximately equals

ne. Thus, Eq. (3) is simplified as:

Da �
Deμi2
μe

1þ Arþ2
� �

res

ne

 !
: ð4Þ

Figure 4a shows the temporal evolutions of residual electron
density under the conditions of three different initial peak
electron densities, i.e., 1.0 × 1013, 1.0 × 1014, and 1.0 × 1015 cm−3.
The residual electron densities decrease rapidly with the time,
and they nearly tend to be the same value of 1.8 × 1011 cm−3

before the next half-cycle discharge (labeled with a white star),
although the initial peak electron densities vary over two orders
of magnitude. No significant influence of the initial peak electron
density on the residual one is observed in the discharge.
Considering the electric neutrality of plasma, the number density

of residual ions Arþ2
� �

res safely takes the value of 1.8 × 1011 cm−3.
It follows from Eq. (4) that the ambipolar diffusion coefficient
increases with decreasing the number density of newly produced
electrons. This variation trend is clearly illustrated in Fig. 4b. It
was reported that for the microdischarge, most of the charged
particles are concentrated in the radial center of the channel and
the charge density rapidly drops along the radial direction46,47.
The number density of newly produced electrons will decline to
the level of the residual ions density (� 1011cm�3) or less near
the edge of the channel, where the ambipolar diffuse coefficient is
increased by several or even a dozen times, as highlighted in the
yellow rectangle region. The enhancement of ambipolar diffusion
allows more newly produced electrons to diffuse along the radial
direction by the electrostatic force, leading to the expansion of
the streamer channel. As a conclusion, it is very likely that when
the velocity of residual ions is comparable to that of newly
produced ions in the streamer channel, the residual and newly
produced ions could form a unified whole and together influence
the motion of newly produced electrons through ambipolar
diffusion, guiding these electrons to run out of the streamer
channel by electrostatic force and finally resulting in the channel
expansion.

As we know, for the nonequilibrium plasma, the ambipolar
diffusion coefficient is generally expressed as36:

Da �
Deμi
μe

: ð5Þ

Comparing Eqs. (4) and (5) indicates that the equivalent
electron diffusion coefficient in our case can be given below:

D0
e � De 1þ Arþ2

� �
res

ne

 !
: ð6Þ

At a distance x ¼ vet from the point where electrons start, the
electron group has spread in the transverse direction to a

Fig. 4 The effect of residual charged particles on the ambipolar diffusion. a Plots of the residual electron density as a function of the time under three
different initial peak electron densities, i.e., 1.0 × 1013 cm−3 (blue solid triangle), 1.0 × 1014 cm−3 (red solid circle), and 1.0 × 10 cm−3 (black solid square).
nep represents the initial peak electron density. The label (white star) shows a typical point, where the residual electron density approximately decays to be
the same value 1.8 × 1011 cm−3 within a short period of time (54.5 μs, indicated by the magenta vertical line segment) under the three different initial peak
electron densities. b Variation of the ambipolar diffusion coefficient (purple solid diamond) with the number density of newly produced electrons in the
streamer channel. μe, μi, De, and Da are the electron mobility, ion mobility, free diffusion coefficient of electrons, and ambipolar diffusion coefficient,
respectively. The label (white star) denotes a typical point, where the growth multiple of ambipolar diffusion coefficient increases to 15 with the electron
density on the level of 1010 cm−3 near the edge of the streamer channel. The shaded region is introduced in order to focus the attention on the considerable
growth of the ambipolar diffuse coefficient near the edge of the streamer channel.
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radius36:

r0 � ffiffiffiffiffiffiffi
D0

et
p ð7Þ

Substituting Eq. (6) into Eq. (7), we obtain:

r0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
De 1þ Arþ2

� �
res

ne

 !
t

vuut : ð8Þ

Here, t takes the value of 230 ns. At room temperature, De

equals 6:3 ´ 105=p½torr� cm2 s�136. When the growth multiple of
the ambipolar diffusion coefficient η ¼ 1þ Arþ2

� �
res=ne � 15

(labeled with a white star in Fig. 4b), the radius r0 � 0:5mm.
This approximate calculation suggests that the streamer channel
could be effectively expanded under the impact of the ambipolar
diffusion, finally leading to the formation of diffuse plasma
observed in the positive alternation.

As is known to us, a streamer is born from an avalanche when
the electric field Estr induced from the space charge in the
streamer head reaches a value on the order of the external electric
field E0. The corresponding approximate equality is expressed
as36:

Estr ¼
e

4πε0R
2
0
exp αx0½ � � E0; ð9Þ

where ε0 is the permittivity of vacuum, α is the first Townsend
ionization rate, and R0 is the characteristic radius of space charge
in the streamer head. Due to the electrostatic force between
electrons and ions in the ambipolar diffuse, the radial diffusion of
newly produced electrons inevitably enlarges the transverse size
of the streamer head, which increases the characteristic radius of
space charge and reduces the number density of space charge
(newly produced ions) in the streamer head. The induced electric
field is modified as:

Estr ¼
e

4πε0R
02
0
exp αx0½ �; R0

0 >R0 ð10Þ

where R0
0 is the effective characteristic radius of space charge in

the streamer head after the streamer channel expansion. Equation
(10) suggests that the ambipolar diffusion decreases the induced
electric field in front of the positive-streamer head. Additionally,
in this subsystem, the residual ions located in front of the
positive-streamer head produce an electric field Eres:

Eres ¼
Qþ

4πε0R
2
1
; ð11Þ

where Qþ is the equivalent charge of the residual ions and R1 is
the characteristic radius of residual ions in front of the streamer
head. Since the number density of residual ions is much less than
that of newly produced ions in the streamer channel or head, the
field Eres of the residual ions is smaller than the field induced by
the streamer head. In the region very close to the streamer head,
Eres is opposite to the direction of Estr. Thus, the resulting electric
field (not including the external field) there is given below:

Epos ¼ Estr � Eres ¼
e

4πε0R
02
0
exp αx0½ � � Qþ

4πε0R
2
1
: ð12Þ

It follows from Eq. (12) that the electric field induced by the
streamer head is partly offset by that of the residual ions. Under
the combined effects of the expansion of the streamer head
transverse radius due to the ambipolar diffusion and the offset of
the electric field by residual ions, the induced electric field in front
of the streamer head is reduced below the level of the external
field. These possible behaviors restrain the initiation of secondary
avalanches to some extent and subsequently impede further
development of the streamer. As a result, the positive streamer
comes to a premature end in its development path and only quite
a small charged particles or current flows through the long gas
gap, which here is defined as the positive-pseudo-streamer
discharge. Figure 5a schematically illustrates the radial expansion
process of the streamer channel due to the ambipolar diffusion
and the abortion procedure of positive streamer because of the
electric field reduction.

In the negative alternation, the residual ions move with the
comparable velocity but opposite to the drift direction of the ions
newly produced in the streamer channel, and they could not
affect the filaments through ambipolar diffusion. But these
residual ions could compensate for the loss of newly produced
ones that drift from the negative-streamer head to the streamer
channel. This possible behavior prevents the separation of
positive and negative charges in the avalanche or streamer head
to a certain degree, leading to the reduction of space charge. Thus,
the electric field induced from the space charge in the avalanche
or streamer head is modified as:

Eneg ¼
e � exp αx0½ � � Qþ

4πε0R
2
0

: ð13Þ

It is found from Eq. (13) that the electric field decreases in
front of the avalanche or streamer head. Since no negative
streamer is formed and no corresponding current pulses appear,
this field fails to reach the level of the external field. The initiation

Fig. 5 Schematic diagram of the streamer evolution due to the gas flow. a The evolution of the positive streamer in the positive alternation.
b The evolution of the negative streamer in the negative alternation. The vector vg means the gas flow velocity, the vector vi denotes the drift velocity of
newly produced ions in the streamer channel, the vector E indicates the electric field.
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of secondary avalanches is largely prevented in the initial stage of
the streamer development. The influence of residual ions on the
negative streamer is also schematically depicted in Fig. 5b.
Instead, another kind of discharge mode comes into being.

Figure 3e also shows the ICCD images of the discharge
occurring in this case. A diffuse plasma can be produced even in
the absence of current pulses. It was reported that a negative
pulseless glow could exist in the point-to-plane DBD powered by
a sinusoidal alternating high voltage33, where this glow followed
the Trichel pulse and came before the spark breakdown. The
pulseless glow discharge was characterized by a relatively low
amplitude of currents (0.1–1 mA) and a fan shaped luminous
diffuse region, which lasted several or even tens of microseconds
(about a quarter of the cycle). Examination of the discharge
current, light emission, and images of the diffuse plasma jet, and
comparison with the negative pulseless glow behavior in the
point-to-plane DBD, bring a confirmation of the negative
pulseless glow existence in the negative alternation in the large
gas gap cylindrical DBD.

Analyzing the pulse discharge in the positive alternation and
the pulseless discharge in the negative alternation reveals that the
diffuse plasma jet could be generated by a combination of the
positive-pseudo-streamer discharge and the negative pulseless
glow discharge through technical control of the gas flow, without
any additive or auxiliary facility.

Nonequilibrium and chemical activity. To verify the none-
quilibrium of the diffuse plasma jet generated at 2.2 l min−1, the
rotational temperature (Trot) and vibrational temperature (Tvib)
were, respectively, examined along the plasma jet by fitting the
experimental spectral bands of OHðA 2Σþ ! X 2Π;Δν ¼ 0Þ and
N2ðC 3Πμ ! B 3Πg; Δν ¼ �2Þ. As seen from Fig. 6a, the rota-
tional temperature, approximately considered as the gas tempera-
ture, follows the value of 310 K at the nozzle, then slowly increases
with increasing the jet length, and finally reaches 340 K at the jet
end. This means that the gas temperature is very close to the room
temperature and the plasma jet is beneficial to treating samples
susceptible to high temperature. In most cases, the rotational
temperature decreases along the plasma jet due to the cooling by the

ambient air. But in our case, the increasing temperature along the
jet is observed, which is mainly ascribed to the enhanced collisions
among the particles with the electric field increased in whole from
the nozzle to the GE. As for the vibrational temperature, it takes the
value of 1980 K at the nozzle, but decreases along the plasma jet,
and reaches its minimum 1810K at the position z= 4mm. Sub-
sequently, this temperature increases rapidly and reaches its max-
imum 2900 K at the jet end. The distribution profile of vibrational
temperature is very consistent with that of the electrostatic field in
the open air, where the field reaches its local minimum at
z= 4mm. The variation of vibrational temperature along the
plasma jet results from the change of electron energy that is gained
from the electric field from the nozzle to the GE. Comparing the
rotational and vibrational temperatures indicates that the plasma jet
is in the nonequilibrium condition, which contributes much to the
enhancement of plasma chemistry.

To clarify the spatial distributions of active species in the
plasma, the optical emission spectra of excited hydroxyl radical
(OH, 309.7 nm), excited nitrogen molecule (N2, 337.1 nm), and
excited argon atom (Ar, 763.7 nm) were examined along the
plasma jet. It follows from Fig. 6b that the emission intensities of
both OH and Ar decrease sharply with increasing the jet length,
and drop to zero at z= 10 mm. The reduction of Ar emission
intensity mostly results from the decrease of Ar concentration
along the plasma jet. In contrast to the Ar and OH optical
emissions, the N2 emission intensity firstly grows along the
plasma jet because of the increasing concentration of N2 along the
jet, then reaches its maximum at z= 8 mm, and finally exhibits a
slow drop to zero at the GE.

As we know, vapor has a significantly smaller mole fraction
than nitrogen in ambient air. But close to the nozzle, the OH
optical emission originated from the vapor is much stronger than
that of N2, and even overwhelms the Ar optical emission. It is
likely that the impurity vapor in the feeding gas argon makes a
great contribution to the OH optical emission therein. Since the
emission intensity of OH presents a descending tendency
along the plasma jet and acts similarly as the feeding gas
concentration, the optical emission from the OHðA 2Σþ ! X 2ΠÞ
transition in the plasma jet area is dominated by the vapor in the

Fig. 6 Plasma nonequilibrium and chemical activity. a The distributions of the rotational temperature (Trot) and vibrational temperature (Tvib) along the
plasma jet (z-axis). The red solid square shows the case of rotational temperature, while the blue solid inverted triangle indicates the case of vibrational
temperature. The plots show an average of five experimental measurements, and the measurement uncertainty (one standard deviation) is indicated by the
error bars and is estimated to be 5–9% for the rotational temperature and 2–4% for the vibrational temperature. b The distributions of the OES of active
species along the plasma jet (or z-axis). The black solid square shows the case of excited hydroxyl radical (OH), the red solid circle indicates the case of
excited nitrogen molecule (N2), and the blue solid triangle represents the case of excited argon atom (Ar). The plots show an average of five experimental
measurements and the measurement uncertainty (one standard deviation) is estimated to be 7–9%. Since the error bars are too small to be shown
distinctly, especially in the range of larger plasma jet length, they are not displayed. The shaded region is introduced in order to focus the attention on the
plasma jet area at the gas flowrate of 2.2 l min−1.
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argon, instead of that in the ambient air. Considering the increase
in both the nitrogen concentration and the electric field toward
the GE, the reduction of N2 emission intensity in the region z >
8mm shows that the excited N2 ðC 3ΠμÞ molecule is mainly
generated from the energy transfer from the excited and
metastable argon atoms, instead of the direct impact of electron
on the ground state or metastable nitrogen.

Discussion
In this work, we successfully fabricated an atmospheric diffuse
argon plasma jet in a large gas gap cylindrical DBD equipped with
a thin quartz tube. The formation of diffuse plasma is based on
the guideline of expanding and quenching the existing filamen-
tary discharge at the initial or middle stage of the streamer
development. We discuss the possible mechanisms of diffuse
plasma formation as follows.

The thin quartz tube employed here lets only one filament
produced in a current pulse, and makes the electrons and ions
drift along or against the gas flow as far as possible. When
maintaining the gas flow velocity (or the velocity of residual ions)
at the level of drift velocity of ions newly produced in the
streamer channel, the residual ions are capable to indirectly
influence the movement of newly produced electrons and the
development of streamer. As for the positive-pseudo-streamer
discharge in the positive alternation, the residual and newly
produced ions could form a unified whole and dominate the
motion of newly produced electrons through ambipolar diffusion.
Substantial enhancement of the ambipolar diffusion near the edge
of the streamer channel promotes more newly produced electrons
to diffuse along the radial direction, and then realizes the radial
expansion of streamer channel. In addition, expanding the
streamer head transverse radius through the ambipolar diffusion
and offsetting the electric field by the residual ions reduce the
induced electric field in front of the streamer head, and then
quench the streamer in its development path. Finally, a positive-
pseudo-streamer discharge is presented in front of us.

With respect to the negative pulseless glow discharge in the
negative alternation, the loss of newly produced ions in the
negative-streamer head is compensated with the residual ones,
which prevents the separation of positive and negative charges in
the avalanche or streamer head and decreases the space charge
there. The electric field is reduced in front of the streamer head,
and the negative streamer is aborted accordingly. The discharge
finally transforms into a negative pulseless glow mode. It is the
positive-pseudo-streamer discharge and the negative pulseless
glow discharge function together to promote the formation of the
diffuse plasma jet, where no any additives or auxiliary facilities
are required.

The train of thought proposed to generate diffuse plasma is
essentially different from the existing streamer coupling theory.
Our work sets about understanding and exploring the diffuse
discharge formation from another point of view. The possible
mechanisms behind the diffuse plasma formation could be fur-
ther proved by capturing the time-resolved images of a single
current pulse with a streak camera. Additionally, since the evo-
lutions of avalanche and streamer become very complex in
flowing gas with residual charged particles, efforts should focus
on coupling the preionized stream field and the ambipolar dif-
fusion into the streamer fluid model scientifically. A complete
streamer simulation model could help us gain insight into the
transition process of discharge from filamentary to diffuse mode.
In terms of application, the stable and diffuse feature, low-cost
and simply constructed superiority, low-temperature nature, and
enhanced plasma chemical activity allow this device to be used as
a promising source for biomedical and materials processing.

Methods
Experimental setup. Figure 1a shows the schematic diagram of the experimental
setup. A piece of copper foil with the length of 8 mm, serving as the HVE, is closely
attached on the outer surface of the thin quartz tube with the inner diameter of
1 mm and the outer diameter of 2.2 mm. The spacing between the HVE and the
quartz tube nozzle is 23 mm. A circle aluminum plate with the diameter of 10 mm
is used as the GE, which is mounted downstream of the tube and 18 mm away from
the tube nozzle. The normal direction of the plate coincides with the axial line of
the quartz tube. The DBD is powered by a HV alternating current transformer
(Nanjing Suman Electronics CTP-2000K) with the maximum peak voltage of 30 kV
and the driving frequency ranging from 5 to 20 kHz. Here, the peak voltage is fixed
at 11.6 kV and the driving frequency is set at 8.9 kHz. The feeding gas argon
(99.999%) flows into the quartz tube from the upper inlet (indicating by the blue
arrow), ejects out of the tube from the nozzle, and rushes toward the GE. With the
applied voltage increasing to a certain value, gas breakdown occurs between the
HVE and the GE. A plasma jet is produced in the open air and its pattern (filament
or diffusion) is controlled by adjusting the gas flow.

Experimental measurement. The applied voltage was measured by a HV probe
(Tektronix P6015A) and the discharge current was examined by a current probe
(Tektronix TCP312A). It is noted that the displacement current was measured
under the condition that no feeding gas argon was provided and no plasma was
formed in the gas gap with the external voltage applied48,49. The integrated light
emission from the plasma jet was detected by a homemade photomultiplier tube
(PMTH-S1-CR131) operated in the wavelength range from 185 to 900 nm. All
the three sets of data (voltage, current, and light emission) were simultaneously
recorded by using a digital oscilloscope (Tektronix 3054C). The plasma jet
images were caught by using either a digital camera (Nikon D5200) or a fast
ICCD camera (DH340T-25F-03) as required. When using the ICCD camera, the
threshold voltage was set at 0.5 V. The time delay was set at 15 μs for snapping
the positive-alternation discharge and 68 μs for catching the negative-alternation
discharge. All the images were acquired in a single shot. The light intensity of
discharge was calculated from the plasma jet images by using the software
ImageJ, rather than Abel inversion, because the plasma jet possesses a profile
without rigorously axial symmetry in most cases. Two spectrometers with dif-
ferent resolution were employed to detect the emission spectra from the plasma
jet. One spectrometer (AvaSpec-ULS2048-USB2), which has a moderate reso-
lution of 0.6 nm in the wavelength range from 200 to 1000 nm, was employed to
identify various active species in the plasma jet. The other spectrometer
(AvaSpec-ULS2048-3-USB2), which possesses a high resolution of 0.05 nm in
the wavelength range from 200 to 416 nm and 0.3 nm in the wavelength range
from 415 to 940 nm, was used to determine the rotational and vibrational
temperatures of the plasma jet. The fiber probe was arranged perpendicular to
the plasma jet, with a spacing of 1.0 cm.

ICCD image capture strategy. To go further into the discharge process, an ICCD
camera was employed to catch the details of discharge occurring in a short period
of time. Here, examining the time-resolved images of discharge cannot be imple-
mented because the current pulse appears randomly. However, the pattern of single
pulse discharge can be acquired by setting the gate width of the ICCD camera
reasonably. From the electric diagnosis of pulse discharge presented in Fig. 2a, b, d,
e, it follows that the time interval between two adjacent current pulses is greater
than 6 μs. This suggests that the image will not be superimposed by the discharge
patterns originated from different current pulses, with the gate width less than 6 μs.
As for the pulseless discharge in the negative alternation, the light emission shown
in Fig. 2f has a long duration of about 30 μs, which occupies a quarter of the
cycle and far exceeds the typical width of light emission pulse (~230 ns) in the
positive alternation. To improve the success rate of catching the patterns of plasma
jet as far as possible, the gate width of the ICCD camera was set at 4 μs for both the
positive-alternation discharge and the negative-alternation discharge.

Data availability
The data that support the finding of this study are available from the corresponding
author on reasonable request.
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