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The electron density and electric field govern physical and chemical reactions in a secondary streamer
discharge under atmospheric-pressure air. We present direct combinational measurements of these essential
quantities and demonstrate their consistency by solving the continuity equation for electrons. The
measurements enabled validity examination of previous computational studies and clarified contradictions;
the prominence was a near-cathode phenomenon measured during primary-to-secondary transition, which
caused unpredicted ionization inside the positive secondary discharge. The thorough comparison revealed
that a fundamental governing mechanism to be established for the secondary discharge is current continuity.
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In nature, a streamer discharge in air exists as a sprite
above thunderclouds [1,2] and a precursor of lightning [3].
An air streamer discharge is also ubiquitous in practical
applications such as plasmamedicine [4], plasma agriculture
[5], environmental pollution control [6], and energy effi-
ciency improvements [7]. Consequently, the air streamer
discharge has been intensely studied for decades.
Fundamental studies have investigated a 10-mm-scale

pin-to-plane gap exposed to a sufficiently high, positive
voltage applied to the pin anode under atmospheric-
pressure air. Typically, an air streamer discharge develops
in two phases [8]. First, a thin, luminous layer initially
propagates from the pin anode to the plane cathode, which
is called a primary streamer discharge or an ionizing wave
of the potential gradient [9]. Next, a new bright zone

develops about halfway to the cathode once the primary
discharge reaches the cathode. This is known as the
secondary streamer discharge.
A systematic understanding and controlling of an air

streamer discharge require direct combinational measure-
ments of an electron density Ne½cm−3� and reduced electric
field E=N [Td] because these two quantities govern
physical and chemical reactions occurring in the streamer
discharge [10]. However, direct combinational measure-
ments of Ne and E=N have been prevented for decades
[11], due to two main reasons. First, an air streamer
discharge has an irreproducible, complex branching struc-
ture [9]. Second, the candidates of applicable techniques
are insufficiently resolved spatially [12], complex [13], or
indirect based on modeled electron kinetics [14]. Therefore,
these essential quantities could only be predicted through
physical modeling [15] and numerical simulations [16].
Furthermore, investigations have mainly been focusing on
the primary phase in specific contexts (e.g., morphological
pattern analysis [17], branching factor identification [18],
and streamer channel interaction [19]). However, inves-
tigations on the secondary phase are quite limited.
Limited numbers of studies on models [20,21] and

numerical simulations [22,23] have predicted that the
inside of a secondary streamer discharge should show a
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lower Ne and a higher E=N uniformly distributed along the
propagation direction. Additionally, they have predicted the
opposite distributions along the propagation direction out-
side the secondary discharge (Supplemental Material (SM)
[24], Fig. S1). However, direct measurements have yet to
validate previous modeling and simulation studies. This
critical missing of the validity examination undermines
confidence in these computational predictions, which
strongly motivates a decisive experimental benchmark of
the essential quantities. Such a reliable, experimental anchor
of Ne and E=N reveals the contradictions between exper-
imental and computational studies. Reasonable explanation
for the fundamental contradictions refines computational
studies, makes them genuinely predictive, and accelerates
advances in both science and applications.
In this Letter, we report the first, direct combinational

measurements of Ne and E=N for the secondary phase and
demonstrate that a higher Ne and lower E=N do exist inside
the secondary streamer discharge. Such unpredicted struc-
tures of Ne and E=N were caused by a not so large E=N
difference at the secondary streamer initiation between the
present experiment and the previous computational studies.
This moderate difference originated from a near-cathode
phenomenon measured during the primary-to-secondary
transition.
The direct combinational measurements were achieved

by the application of three original instruments: a “dice-
five” electrode configuration reproducibly achieving a
nonbranching, straight single-filament streamer discharge
[25] (SM [24], Fig. S2), dichroic Talbot interferometers
visualizing the 2D Ne distribution from a single-shot
recording [26] [Fig. 1(a)], and an electric-field induced
second harmonic generation (E-FISH) sensor providing a
1D profile of the E=N vector with one-order-superior
spatial resolution [30] [Fig. 1(a)]. These two diagnostic
technologies are sufficiently resolved spatially and simple

(SM [24], Secs. 2 and 3). Furthermore, they do not require
modeled electron kinetics. Therefore, direct combinational
measurements of Ne and E=N are possible.
This Letter aims to directly measure the streamer

discharge generated below the center needle (SM [24],
Fig. S2). The influence of the surrounding discharges and
their associated space charges on the central secondary
streamer structure and dynamics can be assumed to be only
slight (SM [24], Sec. 7.1). The vertical distance from the
center needle tip is denoted by y [m], where the y axis
corresponds to the center geometrical axis (SM [24],
Fig. S2). The radial distance from the y axis is described
by r [m]. The gap length between the center needle tip and
the plane cathode was 13 mm. The electrode system was
installed in the 1-bar dry air. The streamer discharges were
generated with a repetition rate of 0.3 Hz; thus, they were
single-pulse streamer discharges, not the repetitive ones
generated at 1–100 kHz [53].
Figure 1(b) shows the applied voltage to the anode, where

the voltage peak and rise rate were 25 kV and 0.83 kV=ns,
respectively. The current waveform was obtained by sub-
tracting the displacement current [25]. The initiation time of
the primary streamer discharge was defined as t ¼ 0 ns,
which was calibrated using a previously established tech-
nique [25,55]. The primary streamer discharge arrived at the
cathode surface at t ¼ 13 ns. After the transition phase
between the primary and secondary discharges in 13 ≤ t ≤
16 ns [30], a stable secondary streamer discharge was
established in t > 16 ns [25].
The Talbot sensors (SM [24], Sec. 2) measured the 2D

Ne distributions from single-shot recordings at the primary
streamer contact with the cathode (t ¼ 13 ns) and during
the secondary phase ðt ¼ 18; 28; 38 nsÞ. The 1D E-FISH
method (SM [24], Sec. 3) measured the radial distributions
of the reduced electric field components, Ey=N and Er=N,
at y ¼ 1; 2; 3;…; 11; 12 mm during the transition phase

FIG. 1. (a) Optical configuration of dichroic Talbot interferometers for 2D Ne measurement and E-FISH sensor for 1D E=N
measurement. (b) Voltage and current waveforms, where superimposed plots demonstrate VS ¼ R

13 mm
0 mm Eyðy; r ¼ 0Þdyþ 1.5 kV during

secondary phase and accompanying error bars represent measurement accuracy of E-FISH sensor. Shaded area for voltage waveform
and error bars for current waveform show shot-to-shot variations for ten different discharges.
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(t ¼ 13; 14; 15; 16 ns [30]) and secondary phase (t ¼ 18;
28; 38; 48; 58 ns).
Figure 2(a) shows the spatiotemporal evolution of the 2D

Ne distributions. Figure 2(b) depicts the temporal evolution
of the 1D E=N distributions on y ¼ 3 and 10 mm as well as
the streak image of Eyðy; r ¼ 0Þ=N. A polynomial fitting in
the y direction and a shape-preserving piecewise cubic
interpolation in the t direction were used to draw the streak
image. An integrated Eyðy; r ¼ 0Þ over the gap length
[
R
13 mm
0 mm Eyðy; r ¼ 0Þdy] can be compared with the applied

voltage to the anode. Although the secondary streamer
discharge includes strong Ey=N in a very thin cathode
fall region, the Ey=N was not measured in the present
study due to the mm-scale discrete sensing positions
along the y direction. Assuming that 3000 Td existed in
the cathode fall region with a thickness of 20 μm [56],
1.5 kV was added to the integrated Eyðy; r ¼ 0Þ.
Figure 1(b) plots VS ¼

R
13 mm
0 mm Eyðy; r ¼ 0Þdyþ 1.5 kV

on the voltage waveform. The VS and the shaded applied
voltage are within the measurement accuracy of the
present E-FISH method. Thus, the measured Ey=N in
Fig. 2(b) is valid.
The validity of the measured Ne was examined by

consistency analysis between the measured Ne and E=N.
Specifically, the continuity equation for electrons [20] was
solved on the y axis of a cylindrical coordinate system as

∂Ne

∂t
þ 1

r
∂

∂r
frVrðEr=NÞNeg þ

∂

∂y
fVyðEy=NÞNeg

¼ −νattðE=NÞNe; ð1Þ

where νatt½s−1� is the net electron-attachment rate, which
includes the ionization rate, and Vr½m=s� and Vy ½m=s� are
electron drift speed in r and y directions, respectively.
Electron diffusion was neglected because its coefficient is
∼0.1 m2=s [57,58] and has a negligible contribution to Ne
decay on the 10-ns time scale [59]. The νatt, Vr, and Vy are
functions of E=N. By substituting the spatiotemporal
evolution of the measured Ey=N and Er=N into Eq. (1),
the temporal variation of Ne was calculated.
Figure 3 shows the temporal variations of the calculated

Ne (dashed lines) and measured Ne (circle plots) on y ¼ 3
and 10 mm. Equation (1) was solved using the typical
electric field dependence of Vr, Vy [41], and νatt [26] (inset
of Fig. 3). The analyzed Ne at y ¼ 3 mm increases in
t ≤ 18 ns, where the measured E=N is beyond the critical
ionization electric field E=Ncri ð≈120–135 TdÞ and the
effective ionization coefficient is positive [57,58].
Conversely, it decreases in t≳ 28 ns, where the measured
E=N is comparable to or below E=Ncri and the effective
ionization coefficient is approximately zero or negative
[57,58]. At y ¼ 10 mm, the analyzed Ne decreases

FIG. 2. (a) Spatiotemporal evolution of 2D Ne distribution. Error bars of 1D Ne distributions on y ¼ 3 and 10 mm demonstrate error
ranges (SM [24], Sec. 2.3.2). (b) Temporal evolution of 1D E=N distributions on y ¼ 3 and 10 mm along with streak image of
Eyðy; r ¼ 0Þ=N. Error bars of 1D E=N distributions on y ¼ 3 and 10 mm represent measurement accuracy (SM [24], Sec. 3.2.1).
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monotonously in t ≥ 18 ns because the measured E=N is
below E=Ncri. These temporal variations of the analyzedNe
explain well those of the measured Ne within the error bars
and shaded areas (Fig. 3). Hence, the measured Ne and
E=N are consistent with each other.
Next, validity of the previous studies on the modeling

[20] and numerical simulations [22,23] is examined in
comparison with the measured Ne and E=N. As shown in
Fig. 2(a), the measured Ne at y ¼ 3 mm increased from
t ¼ 13 to 18 ns, which means that ionization occurred
inside the initial secondary discharge (SM [24], Secs. 4 and
5). As a result of the ionization, the Ne at t ¼ 18 ns was
higher for the inside of the secondary discharge (i.e.,
y ¼ 3 mm) than the outside (i.e., y ¼ 10 mm). Such
ionization and the resulting higher Ne inside the secondary
discharge contradict the previous studies involving the
model [20] and numerical simulations [22,23]. The exper-
imentally observed ionization was caused by the fact that
the measured E=N at y ¼ 3 mm reached E=N ¼ 150 Td at
t ¼ 16 and 18 ns, which exceeded E=Ncri.
Particularly in the simulation studies for pulsed voltage

application comparable with this research, E=N inside the
secondary streamer discharge is E=N ≈ 100 – 120 Td,
which is below E=Ncri [22,23]. Consequently, the simu-
lated Ne decreases as time increases from the primary to
secondary phases [22,23]. The relative difference of the
simulated E=N with respect to the measured one is

≈20% – 30% at most. Considering the measurement accu-
racy of the present E-FISH method (SM [24], Sec. 3.2.1)
and model-to-model variations of numerical simulations
[60], the relative difference may seem acceptable. However,
this contradiction has non-negligible consequences because
the presence or absence of ionization significantly impacts
the generation processes of the reactive species and their
energy allocation.
In addition, the transition phase preceding the secondary

phase demonstrates three major contradictions: (i) At the
primary streamer contact with the cathode (t ¼ 13 ns), the
measured Ne distribution along the y axis was nonuniform
[Fig. 2(a)]. In contrast, the numerically simulated one is
almost uniform [22,23]. (ii) At t ¼ 13 ns, the measured
length of the high electric field region with E=N ≥ 150 Td
was 4–5 mm [8≲ y≲ 13 mm, Fig. 2(b)]. However, it is
within 1 mm in the numerical simulations [22,23]. (iii) The
temporal variation of the measured E=N was considerably
faster than that expected from the numerical simulation [23].
In particular, contradiction (ii) could decide the difference

in the secondary phase (SM [24], Sec. 4). Themeasured high
electric field region was ionized at t ¼ 13 ns and the
resulting high electron density of 1015 cm−3 was sustained
until t ¼ 18 ns [Fig. 2(a)]. Since such a region above the
cathode was electrically conductive, the gap length for the
present experiment was effectively shorter than the numeri-
cal simulation by≈20% − 30% during 13 < t ≤ 18 ns [23].

FIG. 3. Temporal evolution of calculated Ne (dashed lines) and measured Ne (circle plots, average of five different discharges) on
y ¼ 3 and 10 mm. Calculated and measured Ne indicate those at radial centers. Inset shows typical electric field dependence of νatt [26].
Shaded areas for dashed lines are drawn based on measurement accuracy of E=N (SM [24], Sec. 3.2.1) and νatt, and error bars for circle
plots demonstrate error ranges (SM [24], Sec. 2.3.2) or shot-to-shot variations for five different discharges, whichever is larger.
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Therefore, during 13 < t ≤ 18 ns in the present experiment,
an electric field imposed on the other region, e.g., inside the
secondary discharge (y ¼ 3 mm), was higher than the
previous numerical simulation by ≈20% – 30% (Fig. 5),
which agreed well with the aforementioned relative differ-
ence. Consequently, the electron density increase due to
ionization in the early secondary phase could occur for the
experiment, but not for the numerical simulation.
Hence, simulation studies may be modified so as to

resolve the contradictions in the preceding transition phase
especially near the cathode and subsequent secondary
phase. This Letter shows the ability of combinational Ne
and E=N measurements to reveal contradictions between
the experiments and numerical simulations and to demon-
strate a guide to improve simulation studies in the future.
One theory that proposes the formation model of the

secondary streamer discharge is attachment instability [20].
This theory predicts that E=N inside the secondary dis-
charge (e.g., y ¼ 3 mm) remains higher than the upper end
of the attachment instability region (50≲ E=N ≲ 90 Td),
while E=N outside (e.g., y ¼ 10 mm) stays lower than the
lower end. Furthermore, it also predicts that ionization does
not occur inside the secondary discharge. Previous numeri-
cal simulation reproduced these predictions [23]. However,
as demonstrated in Fig. 2, ionization did occur in the
measured transition phase (t ¼ 16 ns) and initial secondary
phase (t ¼ 18 ns). Consequently, the spatiotemporal

evolution of the measured E=N in t > 18 ns would differ
from the prediction. In actuality, Fig. 2(b) shows that,
although the measured E=N at y ¼ 3 and 10 mm were
already higher and lower than the attachment instability
region at t ¼ 18 ns, respectively, they did not stay outside
the attachment instability region. Instead, they started
invading the attachment instability region after t ¼ 38 ns.
In the attachment instability region, the measured E=N at
y ¼ 3 mm decreased, while that at y ¼ 10 mm increased.
Finally, at t ¼ 58 ns, the measured E=N at y ¼ 3 mm was
comparable or lower than that at y ¼ 10 mm. Such a
comparable or lower electric field inside the secondary
streamer discharge also contradicts the previous theory [20]
and numerical simulation [23].
To identify the mechanism driving the unpredicted

spatiotemporal evolution of the measured E=N in
t > 18 ns, div i was calculated on the y axis by substituting
the measured Ey=N and Er=N into the following equation:

ρ ¼ ε0divE ¼ ε0

�
1

r
∂

∂r
ðrErÞ þ

∂Ey

∂y

�
; ð2Þ

div i ¼ −
∂ρ

∂t
; ð3Þ

where ρ½Cm−3� is the space charge and ε0½Fm−1� is the
permittivity in vacuum. From the numerical evaluation of
Eq. (3), the temporal evolution of ρ was calculated (Fig. 4).

FIG. 4. Temporal evolution of space charge ρ on y axis. Error bars are drawn based on measurement accuracy of Ey=N and Er=N (SM
[24], Sec. 3.2.1).
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The absolute values of ρ were jρj ∼ 10−3 Cm−3 at y ¼ 3
and 10 mm, which indicated that the space-charge
number density ρe was ρe¼ðjρj=eÞ∼ ð10−3 Cm−3=1.6×
10−19 CÞ¼ 1010 cm−3. Considering that the electron den-
sity in the secondary discharge was as high as
Ne ¼ 1014−15 cm−3, the space-charge ratio with respect
to the electron density, ρe=Ne, was only slight
(ρe=Ne ¼ 0.001% − 0.01%). The temporal evolution of ρ
can be caused by factors such as electron production and
consumption processes (SM [24], Sec. 5), nonuniform
distributions of Ne, Vr, and Vy (Fig. 2), and negative
charge accumulation compensating the positive charge
developed in the primary phase [55]. The ρ at y ¼ 3
ð10 mmÞ initially increased (decreased) with time, but
became nearly stable with time, demonstrating that these
factors became almost inactive and/or balanced.
From Eq. (3), this temporally nearly stable ρ means that

the approximate current continuity, div i ≒ 0, held. Hence,
E=N for the ionized secondary discharge developed to
gradually satisfy current continuity. Such a gradual sat-
isfaction of the current continuity has also been reported in
the numerical simulation [23] and modeling study [55] for
the “nonionized” secondary discharge, indicating different
spatiotemporal evolution of E=N and Ne from this Letter.
Therefore, the current continuity is a fundamental gov-
erning mechanism to be established, regardless of whether
ionization occurs or not inside the secondary streamer
discharge.
In summary, the direct combinational measurements of

electron densities and electric fields provided the first detailed
examination of previous physical models and numerical
simulations. The spatiotemporal evolution of the measured
electron densities and electric fields completely differed from
the predictions made by these previous computational stud-
ies. Such difference was attributed to a longer high electric
field region with more than 150 Td measured above the
cathode during the primary-to-secondary transition, which
caused unpredicted ionization inside the initial secondary
discharge. The next steps include coupling diagnostics with
laser Thomson scattering to determine the electron energy
distribution functions, examine Boltzmann equation
schemes, and calibrate the electron-impact collisional cross
sections. Other steps involve combinational measurement
with (two-photon absorption) laser-induced fluorescence
and/or laser absorption to quantify temporal evolution of
radical number densities, assess the electron-impact reaction
rates, and identify the radical production or consumption
pathways. The present experimental results can serve as a
benchmark for examining and refining the theoretical and
numerical models. Resolving the contradictions between
these modeling studies and the experimental benchmark will
substantially advance fundamental understanding of physics
and chemistry inside the streamer discharge. Consequently,
this Letter will improve predictive capabilities of the models
and controllability of the highly transient streamer discharge,

which is valuable for diverse plasma research fields ranging
from lightning physics to plasma application technologies in
medicine, agriculture, environment, and energy.
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End Matter

Appendix A: Summary of electron density diagnostics—
2D electron density distributions were measured in
single-shot recordings by dichroic Talbot interferometers
(SM [24], Sec. 2), visualizing Talbot images of circular
pinhole arrays in square lattice formation simultaneously
at two wavelengths of continuous-wave diode lasers
(λ1 ¼ 785 nm; λ2 ¼ 405 nm), as shown in Fig. 1(a). The
Talbot images were recorded by two intensified charge-
coupled devices (ICCDs) specific for each laser
wavelength. In this method, plasma refractive indices
integrated along the laser paths were converted into the
spot shifts of the Talbot images TkðλÞ. Exploiting the λ

dependence of the plasma refractive indices, the two-
dimensional line-integrated electron distributions were
obtained by subtraction of the two images [Tkðλ1Þ−
Tkðλ2Þ]. The horizontal distributions of the line integrals
at each axial position were fitted with Gaussian forms and
converted into radial electron density profiles by inverse
Abel transformation under the axial symmetry of the
plasma. The error ranges of the radial electron density
profiles were caused by the measurement uncertainty of
TkðλÞ that could be mainly induced by statistical errors
and systematic errors. The error range was determined by
quantifying the statistical errors, synthesizing random
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noise under the assumption that the statistical errors follow
normal distributions, adding the synthesized noise to the
measured line-integrated electron density distribution,
fitting the noisy line-integrated electron density distribution
with the Gaussian function, conducting the inverse Abel
transformation to the Gaussian function, repeating this
process 10 000 times, assessing 68% confidence intervals
of the 10 000 radial electron density profiles, and, finally,
accumulating the systematic errors (þ3%) to the intervals.
Representative specifications of the electron density
diagnostics are listed in Table I.

Appendix B: Summary of electric field diagnostics—
1D distributions of electric field vectors (Ey=N and

Er=N) were measured by an E-FISH sensor (SM [24],
Sec. 3), employing a femtosecond laser beam focused
along the horizontal direction (λ ¼ 1030 nm; pulse
energy ¼ 1 mJ), as shown in Fig. 1(a). The E-FISH
signal is induced by a third-order, nonlinear optical
effect of the gaseous plasma and was recorded by an
ICCD. The measured electric field component was
selected by the polarization direction of the laser beam.
The E-FISH signal calibration for the electric field was
conducted using uniform Laplacian fields generated by
10-mm-diameter plate-to-plate electrodes for dc and
pulsed voltage waveforms; both calibration constants
were found consistent with each other. Furthermore, the
calibration was conducted beyond the critical ionization

TABLE I. Representative specification of electron density
diagnostics.

Parameter Value Determinant factor

Temporal resolution 2 ns Exposure time of ICCDs
Spatial resolution 300 μm Pitch of pinhole arrays
Single-shot sensitivity 1 × 1014 cm−3 Talbot length ð∼1.8 mÞ

TABLE II. Representative specification of electric field diag-
nostics.

Parameter Value Determinant factor

Temporal resolution 190 fs Laser pulse width
Spatial resolution 20 μm ICCD pixel size, visual field
Accuracy for EyðrÞ=N �6% Shot accumulation ð∼500Þ
Accuracy for ErðrÞ=N �10% Shot accumulation ð∼500Þ

FIG. 5. Comparison between measurement and numerical simulation [23] in early secondary phase.
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electric field as well as below it, using equivalency
between the electric field and laser intensity.
The measured E-FISH signal distributions along the

horizontal axis were converted into radial electric field
distributions by a forward-model inversion: assumed
cylindrically symmetric model profiles for Ey=N and
Er=N, computed the horizontal E-FISH signal distribu-
tions for the assumed profiles, transformed the
computed E-FISH signal distributions into analytic
electric fields via the analytic calibration constant, and
iteratively adjusted the model profiles until the analytic
electric fields matched the measured corresponding
ones within preset mean absolute percentage errors
(5% for Ey=N, 15% for Er=N). The measurement
uncertainty of the radial Ey=N and Er=N profiles was
caused by statistical errors (shot noise of the ICCD)
contaminating the measured E-FISH signal. The meas-
urement uncertainty (accuracy) was assessed by deter-
mining the model profiles for the upper and lower ends
of the statistical errors (95% confidence intervals under
assumption of normal distributions). Representative

specifications of the electric field diagnostics are listed
in Table II.

Appendix C: Comparison between measurement and
numerical simulation—Figure 5 shows comparison of the
axial distributions of the electron densities at the radial
centers and electric fields Ey=N on the y axis between
the present measurement and previous numerical simu-
lation in the early secondary phase (at 5 ns after primary
streamer contact with the cathode for the measu-
rement; at 7 ns after primary streamer contact with the
cathode for the numerical simulation [23]). For
convenience of terminology, “transition phase” for the
numerical simulation [23] is until 3 ns after primary
streamer contact with the cathode, following the present
experimental results. The error bars of the measured
electron densities indicate the error ranges described in
Appendix A (SM [24], Sec. 2.3.2). The error bars of
the measured electric fields Ey=N indicate the measu-
rement accuracy described in Appendix B (SM [24],
Sec. 3.2.1). Notably, numerically simulated electron
densities demonstrated here are multiplied by 3.
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