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Measurement of the electric field distribution in streamer discharges
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Using electric field induced second harmonic generation (E-FISH), we performed direction-resolved absolute
electric field measurements on single-channel streamer discharges in 70 mbar (7 kPa) air with 0.2 mm and
2 ns resolutions. In order to obtain the absolute (local) electric field, we developed a deconvolution method
taking into account the phase variations of E-FISH. The acquired field distribution shows good agreement with
the simulation results under the same conditions, in direction, magnitude, and shape. This is the first time that
E-FISH is applied to streamers of this size (>0.5 cm radius), crossing a large gap. Achieving these high resolution
electric field measurements benefits further understanding of streamer discharges and enables future use of
E-FISH on cylindrically symmetric (transient) electric field distributions.
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I. INTRODUCTION

Streamer discharges are fast propagating ionization fronts
that appear as the precursor to lightning leaders and as sprites
in nature [1]. The electric field is the driving force behind
streamers and determines their energy transfer and chemical
activity [2]. There are various studies focusing on electric
field measurement of discharges using different diagnostics,
including electric-field-induced coherent anti-Stokes Raman
scattering (E-CARS) [3,4] and Stark spectroscopy [5]; while
methods for measuring the electric field in streamers, which
are highly transient, are limited, and if present, have very
low temporal and spatial resolution and/or can be applied to
molecular gases only. Most recently, Dijcks et al. [6] deter-
mined the electric field of single-channel streamers in pure
nitrogen and synthetic air at pressures of 33 mbar by using
optical emission spectroscopy (OES). However, this method
has the disadvantages that it depends on light emission, cannot
measure the field direction, and has a rather low spatial and
temporal resolution. The lack of suitable methods hinders fur-
ther understanding of streamers and other transient discharges
driven by the electric field.

To tackle these problems, a new technique called electric
field induced second harmonic generation (E-FISH) has been
introduced to the plasma community to measure the electric
field of various kinds of plasmas [7,8]. In this method, a
high power laser beam nonlinearly interacts with an electric
field in a gas, generating second harmonics. The intensity of
these second harmonics scales directly with the square of the
electric field strength, and the polarization direction aligns
with the field orientation. Initially, this method was considered
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easy to implement and the measured signals straightforward
to interpret. However, it has been shown that the measured
signals are strongly related to the laser beam profile, and
depend heavily on the electric field profile and not just its
integrated value due to phase variations along the laser beam
[9]. A solution has been proposed in [10], but uniformity of
the electric field in one of the directions perpendicular to the
laser beam is assumed, which is not a valid assumption for
streamers.

In this article, for the first time, we report detailed
direction-resolved measurements of the electric field distribu-
tion in single-channel streamers in air by using E-FISH. The
electric field is restored from the E-FISH signals by applying
a deconvolution method including all phase variations, where
cylindrical symmetry is assumed. Also, light emission from
the discharge is captured. Next to this, simulations on the
electric field and the emission spectrum of the second positive
system (SPS) of N, are obtained using a 2D axisymmet-
ric drift-diffusion-reaction fluid model [11] of the streamers
under the same conditions. Li er al. [11] have shown that
this model is very reliable in simulating streamers in air; its
calculated streamers closely match in velocities and diameters
with experimental results.

The experimental results show a tremendous improvement
in resolution compared to previous work. Thus far, such de-
tailed electric field distributions of transient plasmas could
only be obtained through simulations. Moreover, we reveal
the electric field in areas with little to no light emission,
which contains the most valuable information for streamer
discharges. The magnitude, shape, and direction of the field
and its position relative to the light emission are in agreement
with the simulations. This enables further understanding of
streamers and empowers future use of E-FISH.

II. EXPERIMENTAL METHODS

A schematic of the experimental setup is shown in Fig. 1.
In short, a 100 mJ Nd: YAG laser (EKSPLA S1.234-10-G-SH)
beam with a pulse width of 120 ps at 1064 nm is focused
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FIG. 1. A render of the E-FISH setup. The vacuum vessel is excluded from the main image for clarity and is instead shown on the bottom
left. We use a coordinate system in which the streamer propagates in the y direction, the laser beam is along the z direction, and the radial
coordinate is given by r = +/x* 4 z2. The detailed geometry of the electrodes including streamer, r-direction definition, and the laser beam

(dimensions in mm) is shown on the top right.

into the discharge area by an f = 500 mm lens. The beam
waist and Rayleigh length zz are measured to be 0.13 mm
and 12 mm, respectively, by using the knife edge method
[12]. Two longpass filters remove any second harmonic light
generated by the laser itself and by interaction between the
laser beam and the upstream optics. Second harmonic light is
generated when the laser interacts with the electric field in the
streamers that are produced inside a vessel. The fundamental
and second harmonic beams are collimated again by another
f =500 mm lens. These two colinear beams are then fully
separated by using a prism and three dichroic mirrors. The
fundamental beam intensity is measured by a photodetector
(Thorlabs DET36A/M). The second harmonic beam is di-
rected to a photomultiplier (PMT, Hamamatsu H6779-04),
with a bandpass filter attached in front of it to filter out any
stray light. To increase the signal-to-noise ratio, the laser beam
is polarized parallel to the to-be-measured electric field direc-
tion by using a half-wave plate and a polarizer, because the
second harmonic generation process has a higher efficiency
under this configuration [8]. A polarizer is positioned in front
of the PMT to measure the vector components of the electric
field.

To generate streamers, we use the setup that has been
described in [6]. The high voltage pulses are generated by
a pulsed power circuit (Behlke HTS) with an amplitude of
9.5 kV, a rise time of about 50 ns, a voltage jitter of ~1 ns,
and a duration of 400 ns at a repetition rate of 60 Hz. The
electrodes are protrusion-to-plane electrodes, where the high
voltage electrode contains a 10 mm protruding pin in the
center (1 mm diameter, 60° tip angle, and 50 um tip radius).
The pin-to-plate gap is 90 mm. The laser beam is at the height
of 5.3 mm from the grounded bottom plate electrode. During
the experiment, the vessel is continuously flushed with dry air
with a flow rate of 2 L/min and the pressure is fixed at 70 mbar
(7 kPa). The pulse repetition rate, the electrode geometry, and

the reduced pressure ensure high repetitiveness in both time
and space of the single positive streamers, and thus positively
influence the quality of the E-FISH signals.

The moment the laser interacts with the streamer’s electric
field, the discharge image is captured by an ICCD camera
(Andor DH334T) with a gating time of 2 ns. From these
images, only a horizontal strip at the height of the laser beam
is used. Under the above mentioned conditions, the streamer
propagation velocity is measured to be 3.5x10° m/s. The
laser, the high voltage pulses, and the gating of the ICCD
camera are synchronized by a digital delay generator.

In order to obtain the electric field at different positions in
the discharge, the entire vessel is fixed on a translation stage
such that it can move over the horizontal axis (coordinate x)
perpendicular to the laser beam direction (coordinate z). The
second dimension is acquired by varying the delay between
the high voltage pulse (and consequently streamer inception)
and the laser trigger. This allows us to generate an image with
time as one dimension and the horizontal cross-section of
the streamer in the second dimension both for optical emis-
sion and electric field strength. Because the single-channel
streamers under investigation are roughly constant in shape
and velocity when traversing the center of the electrode gap
[11], the time axis is very similar to the streamer propagation
direction axis (coordinate y). For a single measurement of one
field direction, a time range of —80 to 120 ns with a step
size of 2 ns and a spatial range of —15 to 15 mm with a
step size of 0.2 mm is used, where r+ = 0 is defined as the
moment when the electric field in the y-direction peaks, and
x = 0 the middle of the streamer in the x-direction. For every
delay and position, 40 laser shots are recorded, resulting in
one measurement consisting of more than 400 000 laser shots
(the grid size is coarser for the lower field region). A full
measurement, for both directions of the electric field, takes
about 15 hours.
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III. PROCESSING METHODS AND CALIBRATION

The signal we measure is s(x,t) = 1/12w/13,7 where 1,
and I, represent the intensity of the second harmonic and
fundamental beams, respectively. This signal is the result of a
line-of-sight integration along the laser propagating direction
[9,13]:

L e—iAkz
S(x,t)=Cca1f ———Eex(x, z, 1) dz|, (D

_L1+ii

where C,, is a calibration constant; 2L is the interaction length
of the laser beam and the electric field; Ak is the wavevec-
tor mismatch between the fundamental and second harmonic
wavelengths, zg is the Rayleigh length of the focused beam,
and E.y; the external, to-be-measured electric field of which
the x- and y-component can be measured. Ak is 3.45 m~! for
70 mbar air with a 1064 nm input beam [14]. The complex
denominator, 1 + ii, introduces an extra phase shift tan—! iR
called Gouy phase, which originates from the focused Gaus-
sian beam shape. For an axisymmetric streamer, the electric
field in the y-direction E, will also be axisymmetric, such
that Eex(x, z,1) = E,(r, 1) where r = /x> + z2. We can also
make use of the axisymmetry when measuring the field in the
x-direction E,, by expressing it as E, = sin(6)E,, where E, is
the axisymmetric radial component and sin(6) = x/r. In this
case, we thus have Eq(x, z,t) = x/r E (1, ).

We cannot use a standard inverse Abel transform to solve
Eq. (1). Instead, we approximate the integral by a weighted
sum over samples E, (r;) or E,.(r;), at a given set of radial coor-
dinates. Given a set of measurements s(x;), we can then solve
an approximately linear system to obtain E,(7;) or E,(7;). We
include a small regularization parameter in this procedure to
make the inversion unique and robust to noise in the measure-
ments. A detailed description of the inversion procedure is
given in the Supplemental Material [15]. Similarly, the optical
emission is Abel-inverted.

To obtain the absolute field strength, a calibration measure-
ment on a known field distribution is performed. We designed
rod-to-rod and rod-to-cylinder electrodes for the calibration of
E, and E,, respectively, which generate an electric field with
a similar shape as the streamer. First, the electrostatic field of
these configurations is simulated in COMSOL Multiphysics.
Then the field is forward-transformed by using equation (1)
to obtain the “calculated E-FISH signals”. The ratio between
the calculated signals and the measured signals leads to the
calibration constant Cy;.

Figure 2 shows the amplitudes of the E-FISH signals for
E, and E, of a single-channel streamer in 70 mbar air with
an applied voltage of 9.5 kV. It is worth noting that the
distribution of the E, signals can become asymmetric around
r = 0 due to interference between the E-FISH signal and the
background signal. We discuss this issue, its implications on
other E-FISH results and corresponding solutions in detail in
the Supplemental Material [15].

By using the deconvolution method described, and mul-
tiplying with calibration constant C,, the absolute values
of both the r and y components of the electric field can be
restored from the signals. The magnitude of the electric field

is calculated as |E| = «/Er2 + Ey2
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FIG. 2. Measured E-FISH signals for E, (left) and E, (right) of
a streamer in 70 mbar air with an applied voltage of 9.5 kV.¢t = 0 is
defined as the time when E, peaks.
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IV. RESULTS AND DISCUSSION

Figure 3 shows the comparison of the local light emission
intensity and the electric field distribution between experiment
and simulation results. |E|/N is the absolute reduced electric
field in Townsend (Td, E/N in units 1072 V.m?), where N
is the gas number density. Here, N equals 1.88 x 10** m™3
at 70 mbar when assuming room temperature. In the simu-
lation, the conditions in [11] are adapted to fit the voltage
and pressure used in this experiment. The emitted light is
estimated by the N,(C>I1,) density because the SPS transition
is responsible for most of the optical emission under our
discharge conditions [16]. Note that the simulation only treats
one voltage pulse, therefore the heating effect of repetitive
pulses is not taken into account. In the experiments the gas
temperature will likely be elevated above room temperature
[17,18], but its exact value cannot be determined in this setup.

Qualitatively, the experimental and simulation results ex-
hibit very high visual similarity. In both cases the space
charge layer with the crescent shape of the streamer head
is clearly visible. The electric field is most intense around
the head of streamers and mostly pointing downwards. Inside
the streamer channel, the electric field almost vanishes, as the
highly conductive streamer channel shields the electric field
very efficiently. Furthermore, the light emission always lags
behind the electric field [19,20]. Thus, light emission based
methods to measure the electric field can only determine the
field in the area behind the peak electric field, while E-FISH
can resolve the field distribution completely. In the simulation,
the light emission profile shows a sharp front, while in the
experiment it is smeared out more and shows some internal
structure. The smearing is partly due to the camera integra-
tion time and streamer jitter, while the internal structure is
attributed to oscillating ripples in the voltage waveform that
change the velocity of the streamers.

Quantitatively, the streamers in both cases have similar size
and very close field magnitude. The electrodynamic radius
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FIG. 3. Experimental (top) and simulation (bottom) results of
local normalized light emission intensity and reduced electric field
distribution.

measured by the electric field is defined as the radial position
at which E, reaches a maximum. In experiment and simulation
these are 7.4 mm and 7.8 mm respectively for ¢+ = 50ns,
which agrees very well.

Figure 4 shows a comparison of the axial field evolution
and light emission, and of the radial field and light emission
at 50 ns between experiment and simulation. Note that the
applied voltage during this time has almost stabilized and
increases from 8.8 kV to 9.6 kV in the time range from
—60 ns to 100 ns. In Fig. 4(a), it is shown that the simu-
lated and measured electric field stay roughly constant at the
background field level and rise rapidly at around ¢t = —20 ns
when the streamer head is approaching the probing laser. The
maximum electric field peaks at 364 Td and 323 Td for simu-
lation and experiment, respectively. These values correspond
to 6.4 x 10° V/m and 5.6 x 10° V/m, respectively. The dif-
ference between experiment and simulation is likely caused
by the temporal resolution of the experiment being limited by
the streamer jitter and by a slightly elevated gas temperature
in the experiments.

Subsequently, the axial field drops drastically within 5 ns
and remains at almost zero, as the streamer leaves behind a
conducting channel after the streamer head crosses. The peak

value is higher than the breakdown threshold in air (~120 Td)
and is lower than the field determined by OES in [6] with
a peak field of 540 Td in 33 mbar air and in [20] around
500 Td at atmospheric pressure. Mrkvickova et al. [21] com-
pared the electric field in an atmospheric pressure Townsend
discharge in nitrogen determined by E-FISH and OES, and
found that the OES method gives systematically higher values.
They attributed this to the omission of additional popula-
tion processes of N; (BZEH+ ). In Fig. 4(b), the radial field
profiles have similar shapes, except that the measured field
has a smoother edge and lower peak value. This is probably
due to the lower field intensity of the calibration measure-
ment as well as a larger background signal of E,, which
results in a lower sensitivity. Outside the streamer channel,
the radial fields in both cases decay with approximately the
same speed.

V. CONCLUSIONS AND OUTLOOK

In conclusion, we have used E-FISH to determine for
the first time an experimentally obtained detailed direction-
resolved spatiotemporal distribution of the electric field in a
single-channel streamer. Moreover, the electric field in areas
with little to no light emission is revealed. The measurement
was performed in 70 mbar air with resolutions of 0.2 mm and
2 ns. Simultaneously, the optical emission was tracked with a
resolution of 2 ns. We developed a deconvolution method for
E-FISH including the effect of phase variations and designed
dedicated calibration experiments for cylindrically symmet-
rical fields to restore the absolute electric field distribution
from E-FISH signals. Simulations on the electric field and
SPS emission of the same streamer were obtained using a 2D
axisymmetric drift-diffusion-reaction fluid model. We com-
pared the experimental and simulation results and they show
great agreement both qualitatively and quantitatively. The
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maximum electric field peaks at 364 Td and 323 Td for simu-
lation and experiment, respectively. This enables us to further
verify and validate the simulation models and have a com-
prehensive understanding of streamer discharges in different
gas mixtures, both on the development and on the chemical
processes inside.

It must be noted that for our discharge geometry and
laser setup, the difference in outcome between our full pro-
cessing method and a more standard Abel inversion, for
E, is below 20%. However, the standard Abel inversion is
more sensitive to noise from the outer regions and therefore
requires more smoothing. For E,, a standard Abel inver-
sion is insufficient, as it cannot translate the E, vector
into E,.

The developed method for analyzing E-FISH measure-
ments can be applied on highly repetitive plasmas/electric
fields as a scan of the electric field is required. However,
cylindrical symmetry is needed.

Future efforts should be directed to adjusting the analy-
sis and corresponding methods to make E-FISH suitable for
asymmetric fields. This will allow for high resolution direct
electric field measurements of transient/fast moving electric
fields in (ionized) gases, which is currently impossible.
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