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Abstract

®

CrossMark

We report on the development of a highly sensitive electric field induced second harmonic

generation diagnostic setup capable of measuring electric field strengths as low as 1 Vem™

Lat

the picosecond time scale under atmospheric pressure conditions. This unprecedented
sensitivity is achieved through passive homodyne detection, which utilizes stray signals
generated by an optical component in the beam path. Our detection limit of 0.3-0.5 Vem™!
represents an improvement of over 2-3 orders of magnitude compared to previous reports
(100-1000 Vcm™') in the literature. Additionally, we demonstrate sensitivity to the polarity of
the electric field. Experimental results are corroborated by simulations of the 400 ps
time-resolved homodyne process, offering deeper insights into the enhanced detection

capabilities and the system’s ability to resolve the field sign.

Keywords: E-FISH, electric field, atmospheric pressure, picosecond time-resolved,

homodyne detection, Sub-1 V cm™!

1. Introduction

In electrical gas discharges, the input electrical energy is pref-
erentially transferred to kinetic energy of free electrons. This
preference arises from the significantly lower mass of elec-
trons compared to other gas particles. In detail, free elec-
trons gain kinetic energy when accelerated by an extern-
ally applied electric field typically resulting from an applied
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the title of the work, journal citation and DOI.

voltage difference on a pair of metal electrodes. Electrons sub-
sequently generate a complex chemistry by transferring a por-
tion of their energy through collisions with the surrounding gas
particles. Phenomena such as gas heating, rotational excitation
of molecules within the gas, vibrational excitation of those
molecules, electronic excitation of both atomic and molecu-
lar species, as well as dissociation and ionization all occur
as consequences of these collisional energy transfers initiated
by electrons. As highlighted in the 2022 Plasma Roadmap,
the field of Low-Temperature Plasma science and techno-
logy heavily relies on our capability to harness, engineer, and
control these complex energy transfers toward very diverse
applications [1].

A crucial parameter influencing the aforementioned energy
transfers and electron kinetics is the reduced electric field,
denoted as E/N, where E represents the magnitude of the elec-
tric field within the plasma and N is the total gas number
density. This parameter intuitively accounts for scaling the

© 2025 The Author(s). Published by IOP Publishing Ltd
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effects of accelerating electric fields by the number density
of the available collisional partners [2]. The accurate meas-
urement of the electric field magnitude, particularly in high-
pressure conditions, becomes imperative due to the expo-
nential dependence of rate coefficients for electron impact-
driven processes on E/N [3, 4]. Furthermore, sub-nanosecond
resolved E-field magnitude measurements are often needed
under high-pressure conditions because of the very transi-
ent electric field dynamics when plasmas are generated using
excitation voltages featuring fast nanosecond rise times [5].

The electric field induced second harmonic (E-FISH) gen-
eration diagnostic [6] has recently gained a lot of attention
for electric field measurements in high-pressure electrical dis-
charges. The impressive potential of this technique was put
on full display through the large variety of measurements. We
can list for instance measurements in plasma-enhanced flames
[7-9], in plasma jets [10—12], in volumetric ionization waves
[13-18], in corona discharges [19-21] and in surface ioniz-
ation waves [22, 23]. Very recent works related to this tech-
nique have focused either on the understanding of the fun-
damental question of the coherent growth of the signal under
tight focusing conditions [24], on leveraging pulse-burst lasers
to achieve single acquisition measurements [25] or on improv-
ing the spatial resolution of this diagnostic along the laser
beam path [26-28]. Interestingly, regarding the latter aspect,
research groups at Ohio State University and Sandia National
Laboratories have reported a factor of 2 increase of the spa-
tial resolution in the propagation direction of the laser beam
to about 500 um when deploying a 1° crossed-probe beam
strategy [26, 27]. However, this gain came with the drawback
of a decrease in the measured signal by over two orders of
magnitude. Achieving a micrometer spatial resolution is key
when probing high-pressure filamentary discharges featuring
typical diameters around 50-100 pm.

In this context, we report on the development of a very
sensitive E-FISH generation diagnostic setup. This system is
capable of measuring electric field magnitudes as low as 1
Vem™! in room air and at the sub-nanosecond timescale. This
advancement represents an improvement by over two orders
of magnitude compared to most E-FISH systems encountered
in the literature, where reported detection limits are typically
around 100 Vem™! —1kVem™! [6, 22]. This enhanced capab-
ility is especially important when characterizing electric field
reversals in plasma discharges [29, 30]. Accurately charac-
terizing electric field reversals requires an E-FISH diagnostic
capable of measuring low-magnitude electric fields while also
being sensitive to the E-field polarity. However, the standard
E-FISH approach cannot meet this polarity sensitivity require-
ment, as the measured signal is proportional to the square
of the electric field [6]. Beyond electric field reversals, the
ability to measure low-magnitude electric fields is critical for
understanding numerous key phenomena across plasma phys-
ics. These include: (1) surface charges decay on dielectric sur-
faces in the afterglow of low to high pressure discharges [29];
(2) space charge dynamics in the afterglow of low to high

pressure discharges, especially in inert gases [31]; (3) electron
energy partition in atmospheric pressure discharges under low
E/N conditions [3, 30]; (4) trapped charged-particles dynam-
ics in the sheath of low to intermediate pressure dusty plasmas
[32]; (5) charged-species dynamics in Hall-effect thrusters
[33]; (6) physics of electrical double layers [34]; (7) edge loc-
alized modes at the periphery of tokamak plasmas [35]; and
(8) ion—ion plasmas in electronegative gases [36]. Through
a comparative analysis with standard E-FISH systems, we
examine necessary upgrades and propose pathways for further
development.

2. Experimental setup

Figure 1 depicts a schematic of the experimental setup. The
vertically-polarized fundamental output of a mode-locked,
diode-pumped picosecond Nd: YAG laser (EKSPLA, PL2231-
50, 30 ps, 30 mJ maximum output at 1064 nm) operating
at 50 Hz is focused between a pair of parallel plate cop-
per electrodes using 45° incidence angle silver-protected mir-
rors (ThorLabs, PF10-03-PO1) and an AR-coated 1 m focal
length BK-7 focusing lens (Lambda Research Optics, VAR2-
PCX-25.4B-1000-1064). Two colored-glass long-pass filters
(ThorLabs, FGL850M, with a cut-on wavelength of 850 nm)
are used to filter out any stray SH signal emanating from
the interaction of the picosecond laser beam with the sil-
ver mirror surfaces as well as with the focusing lens (‘Lens
1’). The copper electrodes are identical and separated by an
adjustable gap distance. These electrodes can be powered by
a DC high-voltage power supply (Spellman, SL10PN150) or
by the voltage output of a digital delay generator (Stanford
Research Systems, DG645). Following the approach pion-
eered by Chng et al [24], we use triangular-shaped electrodes
such that we can vary the effective length of the interac-
tion region between the focused Gaussian laser beam and
the region of space where the E-field is applied. Although
the optimum electrode length could be directly derived from
the knowledge of the Rayleigh range of the Gaussian beam,
placing the triangular-shaped electrode assembly on a 3-axis
translational stage allows for better control over the strength of
the generated second harmonic signal. Throughout the manu-
script we used an electrode length of 3.5 cm, which was found
to be optimized based on E-FISH signal intensity testing.
Because of the interaction between the 1064 nm beam and
the DC-applied electric field, a co-propagating E-FISH sig-
nal at 532 nm is generated. A Nd:YAG laser harmonic separ-
ator dichroic mirror (Lambda Research Optics, HHS-2506U-
R532/T1064-45) reflecting 532 nm and transmitting 1064 nm
is placed downstream of the electrode assembly. This results
in a significant reduction of the 1064 nm beam intensity. A 1 ns
rise time silicon photodiode (ThorLabs, DET10A2) is placed
in the transmitted direction after the dichroic mirror. This pho-
todiode is used for monitoring the pulse-to-pulse fluctuations
of the incident 1064 nm beam intensity and for timing pur-
poses. The photodiode is preceded by a neutral density filter
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Figure 1. Schematic of the E-FISH experimental setup. The different voltage power supplies are not shown. The electrodes are 3.5 cm long

along the laser beam propagation direction.

wheel to avoid saturation effects. Next, a 1 inch diameter AR-
coated, 100 cm focal length lens (Lambda Research Optics,
VAR2-PCX-25.4B-1000-532) collimates both the E-FISH sig-
nal at 532 nm and the remnant 1064 nm beam. A 2.5cm
CaF, equilateral dispersion prism (Thorlabs, PS863) then spa-
tially separated the two different wavelengths. A polarizing
cube beamsplitter (Lambda Research Optics, BPB-25.4SF2-
550) is then employed to only select for vertically polarized
light. A 10 cm focal length AR-coated N-BK7 plano-convex
lens (Thorlabs, LA1509-A) is then leveraged to focus the E-
FISH signal onto the active area of a very sensitive photomul-
tiplier tube (PMT) at 532 nm (Hamamatsu, H7422PA-40).
This PMT is powered by a dedicated low-noise power sup-
ply (Hamamatsu, C8137-02), and the signal from the PMT
is amplified through a pre-amplifier (Hamamatsu, C11184).
Note that the PMT is preceded by a hard-coated bandpass filter
(center: 532 nm, width: 10 nm, ThorLabs, FLH532-10). The
E-FISH, photodiode, and voltage waveforms are monitored
using a 1 GHz bandwidth, 5 GSa/s sampling rate digital oscil-
loscope (LeCroy, WaveSufer4101HD).

A key aspect of this new setup resides in the removal of the
monochromator, which usually precedes the PMT. We found
that removing the monochromator significantly increases the
E-FISH signal. However, following this removal, the system
becomes very sensitive to stray light. This issue was resolved
using multiple irises as well as beam tubes in the beam path.
Another essential aspect of this setup is the use of a very sens-
itive PMT, featuring the highest efficiency at 532 nm, among
the commercially available devices. Next, the optimization of
the electrode length and finally the use of a diode-pumped
laser featuring a superior beam spatial profile compared to
flashlamp-pumped lasers.

3. Results

Figure 2 displays averaged E-FISH waveforms taken in room
air for sub-breakdown DC electric fields ranging from —30
Vem~! to 19 Vem ™! between two parallel electrodes with a
gap distance of 1 cm. The laser pulse energy was fixed at 5 mJ.
Throughout this manuscript, the magnitude of the Laplacian
electric field at the center of the electrode gap is approximated
by the value given by the ratio of the applied voltage to the
gap distance. A negative DC power supply (Stanford Research
Systems, PS370) is used to provide a constant low negat-
ive voltage, which is measured by a voltage probe (Teledyne
Lecroy, PP026). The negative DC was initially connected to
the top electrode, while the bottom electrode was grounded.
In this configuration, the electric field vector pointing ‘up’,
is defined as a ‘positive’ E-field (see figure 2(c)). Conversely,
grounding the top electrode and connecting the bottom elec-
trode to the negative DC power supply results in an electric
field vector pointing ‘down’ and hence defined as a ‘negative’
E-field (see figure 2(f)). The PMT is operated with a control
voltage (to realize the gain) of 0.725 V (corresponding to a
gain value of about 5 x 10°) for the positive E-field experi-
ments, while a control voltage of 0.850 V (corresponding to a
gain value of about 1.5 x 10°) is leveraged for the negative E-
field measurements. Figures 2(a) and (d) show the averaged
PMT traces for positive and negative E-Fields respectively,
while figures 2(b) and (e) show the amplitude change (com-
pared to the 0 Vem™! case) in the PMT waveform caused
by the corresponding applied electric field. Each PMT trace
represents an average of at least 27 000 laser shots due to the
weak nature of the signal. It is important to emphasize that this
large number of laser shots does not constitute a limitation to
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Figure 2. PMT waveforms from 27 000 laser shots averaged E-FISH tests using a 1 cm electrode gap and 5 mJ laser pulse energy. (a) PMT
waveforms taken with DC-applied voltages ranging from 0 to —19 V to the top electrode resulting in a positive electric field. (b) PMT
waveforms from (a) with the 0 Vem ™' background signal subtracted highlighting the increase in signal from the applied electric field. (c)
Diagram of the electrode set up for positive electric fields. (d) PMT waveforms taken with DC-applied voltages ranging from 0 to —30 V to
the bottom electrode resulting in a negative electric field. (¢) PMT waveforms from (c) with the 0 Vem™! background signal subtracted
highlighting the change in signal from the applied electric field. (f) Diagram of the electrode set up for negative electric fields.

the applicability of this approach to laboratory plasma exper-
iments, which typically involve experimental drifts over long
periods of time due to changes in ambient temperature and
pressure. Indeed, leveraging MHz repetition rate femtosecond
lasers would address and resolve such challenges [37]. As
depicted in figures 2(a) and (d), for both positive and negat-
ive electrode configurations, a background signal is measured
in the absence of an applied E-field. From figure 2(b), when a
positive E-Field is applied, the signal increases with increas-
ing electric field from a peak (background removed) signal of
0 mV at 0 Vem~! to about 83 mV at 19 Vem~!. But we
see a large difference even between 0 Vecm™! (0 mV peak)
and 1 Vem~! (12 mV peak), which is the same increase in
PMT output voltage seen at 3 kVem™! in some of the previ-
ous studies in the literature [22]. Such a noticeable difference
(0 mV vs 12 mV) readily suggests that our system is capable
of measuring sub-1 Vem~! DC E-fields. In fact, we expect
to be able to measure positive DC E-fields down to 0.3—0.5
Vem~! It is important to point out that the ~ 700 mV ‘off-
set” signal measured at 0 Vcm™! (see figure 2(a)) is due to
stray second harmonic generation (SHG) signal generated at
the surface of the dichroic mirror. For negative E-fields, the
signal offset at 0 Vem™! (see figure 2(d)) is stronger due to
the higher PMT gain used. Surprisingly, for negative E-fields,
figure 2(e) evidences there is initially a decrease of the signal

for applied E-field magnitudes ranging from 0 to 10 Vcm™!

(signal decrease from 0 mV to —20 mV). Subsequently, the
signal begins to rise quickly from 10 to 30 Vcm ™! E-fields,
corresponding to an increase in peak signal from —20 mV to
160 mV. Although the variation in peak PMT voltage allowed
us to showcase the detection limit of our system, these signals
do not clarify the relationship between measured E-FISH sig-
nals and applied voltages.

By time-integrating PMT traces in figures 2(a) and (d), we
obtained the results depicted in figure 3. The latter figure cor-
responds essentially to typical E-FISH calibration plots relat-
ing electric field strengths to measured E-FISH signal intensit-
ies. Error bars in figure 3 correspond to 95% confidence inter-
vals evaluated from statistical calculations over the large num-
ber of laser shots collected for each field magnitude. The pos-
itive and negative E-fields trends evidenced in figure 2 are
consistently observed in figure 3. For the positive E-field case
(figure 3(b)), the collected signal increases with the increase of
the magnitude of the electric field at the center of the electrode
gap while a more complex trend is observed for the negative
E-field cases (figure 3(a)). From figure 3, for both positive and
negative E-field cases, the relationship between the applied E-
Field at the center of the gap and the corresponding measured
E-FISH signal intensity does not follow the expected quad-
ratic dependence (Iipeas X \Eapp1|2). This is especially apparent
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Figure 3. Time-integrated DC E-FISH signals for different applied E-Fields. The electrode gap distance is 10 mm with a width of 35.3 mm.

(a) Negative electric fields. (b) Positive electric fieds.

for the negative E-Field cases (figure 3(a)), for which the E-
FISH signal decays from 0 to —10 Vecm ™! and then increases
from —10 to —30 Vem™!. This unexpected trend calls for a
more in-depth investigation.

To address these unexpected results, a transient low-voltage
waveform featuring polarity-switching is applied to the elec-
trode assembly. An arbitrary function generator (Tektronix,
AFG1062) is used to produce a sine wave with a frequency
of 10 MHz (100 ns temporal period) and an amplitude from
—10.5 V to +10.5 V. The output of the arbitrary function
generator is connected to the ‘top’ electrode while the bot-
tom electrode is grounded. The electrode gap distance was
3 mm leading to an applied sub-breakdown electric field
between —35 and 35 Vem™!. A fixed PMT control voltage
of 0.850 V was employed (corresponding to a gain value of
about 1.5 x 10°). The time-resolved E-Fields and correspond-
ing time-integrated PMT signals for a single voltage period
are shown in figure 4(a). For this experiment, the temporal
jitter of the incident laser pulse with respect to the applied
voltage was ‘artificially’ increased by realizing a constant tem-
poral drift of the laser pulse with respect to the AC wave-
form. Subsequently, for each laser shot, the photodiode, PMT,
and voltage probe signals were recorded by the digital oscillo-
scope and placed into time bins (see [5] for more details about
this procedure). Note that the segmented memory acquisition
mode (‘sequence’ mode) of the oscilloscope was leveraged for
this operation. Time bins of 400 ps were leveraged for this
measurement and about 3000 laser shots were collected per
bin. Remarkably, from figure 4(b), the temporal dynamics of
the measured square root of the time-integrated PMT signal do
not follow that of the applied E-field waveform. This comes as
a surprise as the latter feature (v//meas X [Eappi|) is often lever-
aged for absolute calibration of transient electric field meas-
urements in electrical discharges (see for instance [7, 8] for
the case of AC excitation waveforms). Using the time-resolved
data to plot a ‘calibration-like’ plot featuring time-integrated
PMT signal vs electric field at the center of the gap, yields

figure 5. The depicted trends from figure 5 are consistent with
those from figure 3, with again a decrease of the measured
signal between —35 and —10 Vem™! and then a subsequent
increase from —10to 35 Vem ™!, Based on the ‘basic’ E-FISH
paradigm (Iimeas < |Eqppi|?), one would expect figure 5 to be a
parabola showcasing no offset (measured signal should be 0
for a 0 Vem ™! applied electric field) and the line of equation
E-field = 0 should be an axis of symmetry.

4. Discussion

We hypothesize that understanding the intensity offset as well
as the asymmetry of the plot displayed in figure 5 could be
achieved when developing a formalism factoring in the back-
ground second harmonic signal generated by the surface of
the dichroic mirror. Because the surface SHG signal gener-
ated on the dichroic mirror is a coherent beam, it also propag-
ates to the PMT detector. The decrease of the PMT signal
at negative applied voltages suggests the contribution of that
stray signal to the overall PMT-measured intensity through
an interference-like interaction. In the following, we assume
that the stray signal from the dichroic mirror acts as a local
oscillator (LO), interfering with the ‘regular’ E-FISH signal
produced at the electrode assembly. Such an effect has been
previously reported in the literature [37-39]. Interestingly, the
same phenomena were also recently observed in some E-FISH
experiments but were regarded as undesirable parasitic effects
and subsequently mitigated [30, 40]. Using the complex field
notation, we can therefore write:

Imeas X |Etotal|2a

ey

where the total complex electric field Eqog at 2w (532 nm) is

the sum of the electric fields emanating from the surface (Eﬁf )

E—FI

and E-FISH (E,,, SH) processes, respectively:

—E—FISH

— —=LO
Etotal = Ezw

+ EZw 9 (2)
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—=E—FISH . .
where E, is the magnitude

of the electric field of the E-FISH signal with phase ¢g_pisy-
Similarly, By = ELOei®o. ELO is the magnitude of the elec-
tric field of the coherent background signal with a phase ¢ 0.
To simplify the following expressions, we define the relat-
ive phase difference between the LO and E-FISH signals as
¢ = ¢Lo — ¢e_risu and define ¢g_psy as 0. This means that
equation (2) can be simplified as Eyo = E5, " + E5Oeid.
We can write the electric field from the E-FISH process as:

__ E—FISH .i¢p_psu  E—FISH
=E,, e . E5

= 3

— —E—FISH — —
ES, "M = B, | o [V EqppEuEul,

where x(® denotes the third-order nonlinear susceptibility of
the gas (room air in the present case), whereas E,, repres-
ents the complex notation of the electric field of the incident
1064 nm laser beam. The SHG electric field from the LO can

be written as:

B50 = [Ey| o Y VELE. |, 0
where x(? is the second-order nonlinear susceptibility of the

dichroic mirror surface.
Inserting equation (2) into equation (1) yields:

Iineas 0 150 + 5 FSH 4 2 EE - FISHELO cos (), (5)

_FISH _ |oE—FISH _FIs
where 55— BLTE — (BE T and 0
|E,,|* = (E0)? are the intensities of the E-FISH and LO

signals, respectively.
Combining equations (3)—(4) into equation (5) yields:

I'neas o B|Ew ‘4 + 04|Eapp1|2|ﬁw ‘4 + ’V|Eappl||Ew |4COS (¢) (6)

where o and 3 are positive proportionality constants related
to the efficiencies of the SHG and E-FISH processes, respect-
ively. v = 2v/ap.

The first term of equation (6) represents the intensity of
the SHG signal emanating from the interaction of the incident
laser beam with the dichroic mirror surface (/5°). The second
term represents the intensity of the E-FISH process (75 "*").
The third term finally is ascribed to the interference between
the surface SHG and E-FISH signals. It is responsible for a
decrease in the intensity of the measured signal with increasing
applied electric field. Constructive interference occurs when
¢ =0, i.e. cos(¢) = 1. Conversely, destructive interference is
achieved for ¢ = 7, i.e. cos(¢) = —1.

In equation (6)’s paradigm, when cos(¢) < 0, meaning 7 <
¢ < 37”, itis possible to observe a decrease in measured intens-
ity Imeas With an increase in the magnitude of the applied
electric field |Egppi|. When writing ¥ = Ineas and X = |Eqppil,
equation (6) can be identified as a quadratic function of |Eapp1 |

Y=AX*+BX+C, 7
where A = a|E,|*, B=7|E,|*cos(¢), and C = B|E,|* are
proportionality constant non-dependent on |Eapp] |. To validate
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this interpretation of our measurements, we fitted the negat-
ive E-fields portion of the data displayed on figure 5 using
equation (7). A great quality fit (R*> = 0.995) was obtained
and overlaid on top of the negative E-fields experimental res-
ults. When using coefficients A, -B, and C from equation (7)
for positive E-field values ranging from 0 to 35 Vem™!, we
obtained a curve showing an excellent agreement with the
positive E-fields data (overall R?> = 0.991). The fact that the
quadratic fit somewhat overestimates experimental results for
positive E-fields above ~25 Vcm™! could be a hint of a
slight saturation of the PMT for the corresponding intens-
ity range. Nonetheless, the good match obtained suggests our
experimental findings are consistent with an enhanced E-FISH
homodyne detection passively achieved through the interfer-
ence of the regular E-FISH signal with the SHG signal pro-
duced from a dichroic mirror in the beam path. It is important
to note that ‘active’ homodyne E-FISH detection of gas-phase
electric fields down to about 500 Vem™' has been recently
reported [41, 42], with also a demonstration of a sensitivity
to the E-field polarity. In contrast, our setup realized it ‘pass-
ively’, in a single beam configuration achieving a detection
limit better than 1 Vcm ™. Furthermore, the sub-nanosecond
temporal resolution (a capability not demonstrated by the
aforementioned previous works) of our setup allows us to
unravel the fundamental mechanisms of this interaction.

Our intuitive interpretation of the data relies on the fact
that when the sign of the applied electric field Epp flips from
positive to negative (or vice-versa), we get a m change in the
phase difference (A¢) between the incident laser beam and
the applied electric field: A¢p, = A¢, £ 7. Where A¢p, and
A¢, are the phase differences before and after the sign flip
(electric field reversal), respectively. As a result, cos(A¢p,) =
—cos(A¢;). Such an interpretation, although appropriate in
first order of approximation, does not account for the wave
nature of the incident 1064 nm laser beam featuring a fre-
quency about 2.82 x 10'# Hz. This means that within a single
30 ps laser pulse, while Eqp; is constant, the electric field of
the incident light flips about 1.69 x 10* times (two sign flips
per time period).

In the following, we now extend the previous model to
account for the temporal evolution of the different electromag-
netic waves at play. Assuming the electric field of the incident
laser beam could be written as a 30 ps Gaussian envelope elec-
tromagnetic wave featuring a 1064 nm wavelength (= 3.55 fs
time period), we get:

E, =Ey., g (1) cos(wpt), 8)

where Ej , is the amplitude of the laser electric field, g(r) =

N2
e "5 is the 30 ps Gaussian temporal envelope (7, = 30

ps), and wo =27 = ~ 1.77 % 10" rad s~ ! is the angular fre-
quency of the incident laser for Ay = 1064 nm. Note that 7,
corresponds to the FWHM of the incident laser beam electric
field temporal profile. Consequently, it is equivalent to the full
width at quarter maximum (FWQM) for the temporal profile
of the incident laser beam intensity.

Similarly, the 10 MHz applied AC electric field can be writ-
ten as:

Eyppl = Eo.ac €08 (27 fac t+ dac), &)

where Ep 4c =35 Vem™ ! is the amplitude of the applied AC
electric field and fac = 10 MHz is the frequency of the AC
wave. ¢ac is the phase of the applied AC electric field.

Substituting equations (8) and (9) into equations (1)—(4)
yields:

Lineas X |aEO,AC Ccos (27TfAct + ¢Ac) angz (l) COS2 ((U()t)

+ BE; ,8” (1) cos” (wor) e[, (10)
Equation (10) can be simplified into:
Inneas (1) o< |aF) () + BF, (1) €], (11)

where  Fy(t) = Eo ac cos(27 fact + dac)Ej .8 (1) cos® (wot)
and F,(t) = Ej g% (t) cos?(wot).
Equation (11) can be further simplified into:

Inneas (1) o< |Fy (1) + 2 (1) €, (12)
where n = g 1 and ¢ are the only two optimization paramet-
ers in our model.

Now considering a single laser pulse, the time-integrated
signal S(E,pp1) measured by the PMT can therefore be written
as:

Tp Tp .
S(Eqppt) = / Ineas (1) dt o / |F| () +nF, (1) €| ?dr.
(13)

Based on our model, we should be able to use equation (13)
for different values of E,p, and essentially build a Matlab-
based fit matching experimental data presented in figures 5
and 4(b). For this purpose, the Matlab least-squares nonlin-
ear curve fitting tool Isqcurvefit is deployed. Figure 6 depicts
the results of our model when compared to experimental res-
ults in terms of time-integrated PMT signal vs applied E-
field. In figure 6(a), we show that our Matlab simulations are
able to capture accurately the intensity offset and asymmetry
discussed previously. Furthermore, figure 6(b) demonstrates
that when compared with the applied AC wave, the temporal
dynamics are also fully reproduced.

The excellent agreement obtained from figure 6 allows us
to dig more into the details of the homodyne E-FISH process
when selecting a few notable points in time from the AC wave
dynamics. For instance, figure 7 focuses on characterizing the
interaction process at the peak applied E-field: for Eqpp = +35
Vem™! (f = 0 ns or t = 100 ns). Note that the peak homo-
dyne signal for the AC wave is obtained for the peak applied
E-field. Figures 7(a)—(e) display the temporal evolution of the
incident 30 ps laser electric field, its intensity, the applied AC
electric field, the electric field of the generated ‘pure’ E-FISH
signal, and the intensity of the measured homodyne signal,
respectively.
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Figure 7. Single laser pulse simulations for the case where the AC
electric field is maximum (¢ac = 0), generating maximum Egpisy
and Imeas- (a) Incident laser E-field. (b) Incident laser intensity. (c)
Applied AC E-field. (d) Induced E-FISH E-field. (e) Generated
homodyne signal intensity.

Figure 8 showcases the very same calculations but this
time for Ep, = 0,—10 Vem ™!, respectively. While E,p, =
0 Vem™! is obtained at t~ 26 ns, Eypp = —10 Vem™!,
which corresponds to the point in time for which the minimum

homodyne signal is measured, is obtained at t~ 30 ns.
Comparing figures 7 and 8, on one hand we observe that as
expected, a non-null homodyne E-FISH signal is generated for
Epp =0 Vem™!. The signal depicted in figure 8(e) corres-
ponds in fact to the intensity of the signal from the LO. The
latter signal is comparable in magnitude but a bit stronger than
the minimum measured signal, which occurred at E,pp = —10
Vem™! (see figure 8(j)). On the other hand, the magnitude of
the signal measured for the peak applied field is predicted to be
a factor ~ 2 stronger (see figure 7(e)), which is very consist-
ent with our experimental measurements. Very interestingly,
it is observed that from both figures 7 and 8, our model pre-
dicts a systematic ‘temporal compression’ of the incident laser
pulse by the E-FISH process. The FWQM of the generated
homodyne signal intensity temporal profiles are about 20 to
22 ps, instead of 30 ps. Such a phenomenon is typical for SHG
processes [43].

The results presented in this manuscript represent a signific-
ant milestone in enhancing the sensitivity of the E-FISH dia-
gnostic. While we are aware of recent similar advancements
employing single beam homodyne enhancement (where the
interference term in equations (5) and (6) completely dom-
inates the sum) to achieve improved E-FISH sensitivity by
the group at Polytechnique Montréal [44], further improve-
ments in the detection limit remain possible. Potential aven-
ues include: (1) adopting an all-reflective optics approach in
the collection part of the setup; (2) employing a gated photon-
counting photomultiplier tube as the endpoint detector; (3)
developing an ‘active’ homodyne experimental setup allow-
ing for a precise adjustment of the phase difference and LO
intensity, to operate within different regimes of the inter-
ference effects; and (4) utilizing femtosecond MHz repeti-
tion rate lasers to address scenarios requiring large num-
bers of laser shots (>10%), particularly in plasma applica-
tions. Notably, many of these strategies have been success-
fully implemented by Dadap et al [37] but for the purpose of
surface electric field measurements. Our findings demonstrate
that this approach is well-suited for gas phase electric field
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measurements while preserving the sub-nanosecond temporal
resolution.

Everything considered, we demonstrated the potential to
utilize what might be considered an unwanted stray signal.
However, in plasma setups with chambers containing optical
windows, additional stray light signals could be generated.
These effects could be mitigated by either decreasing the beam
intensity at windows or directly incorporating optics within the
test chamber, where feasible, to isolate the second harmonic E-
FISH beam from the fundamental beam before it reaches the
chamber windows.

5. Conclusion

In conclusion, we demonstrated DC and AC E-FISH-based
electric field measurements to magnitudes lower than 1
Vem™! for Laplacian field configurations in room air. The
detection limit of our system was estimated to be approx-
imately 0.3-0.5 Vem~!. A 400 ps temporal resolution was
achieved for the AC measurements. Sensitivity to the phase
of the electric field is achieved through homodyne detection
arising from the unexpected interference of the E-FISH sig-
nal with stray SHG signal from the surface of a dichroic mir-
ror in the beam path. The high-sensitivity of our experimental

_ 37

=3.

setup is attributed to several key factors: (1) homodyne detec-
tion; (2) use of a very sensitive PMT under high gain con-
ditions; (3) meticulous optimization of the E-FISH collec-
tion leg optics and alignment; (4) precise adjustment of the
electrode length for our incident laser beam focusing condi-
tions; and (5) a high-quality spatial profile of the incident laser
beam. Our experimental results were found to be in excellent
agreement with analytical simulations of the E-FISH signal
for a homodyne process. Interestingly, the analytical simula-
tions of the E-FISH signal predicted that the E-FISH process,
similarly to SHG processes should result in a temporal com-
pression of the incident laser pulse. This work opens up new
opportunities for improved single-shot and 2D measurements
under high-pressure conditions. Additionally, we expect the
homodyne approach to also improve the performance of the
E-FISH diagnostic under very low pressure conditions (0.1-1
Pa), for which the ‘standard’ E-FISH approach is not well-
suited because of the N> dependence of the signal on the gas
density N. Between 1 atm (=~ 10° Pa) and 1 Pa, because N
decreases by 5 orders of magnitude, the E-FISH signal is there-
fore expected to decrease by 10 orders of magnitude (when
not accounting for homodyne enhancement). Finally, we plan
to leverage the newly gained sensitivity for precise charac-
terization of electric field reversals in a variety of discharge
geometries.
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