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Nonintrusive optical measuring of electric fields in space is crucial for various sciences and technologies.
In this study, a simple and highly sensitive optical electric field measurement is demonstrated in high-
pressure hydrogen by performing electric-field-induced coherent anti-Stokes Raman scattering (E-CARS)
in the visible region. The minimum detectable electric field is 0.5 V/mm at atmospheric pressure. This
method does not require excited or atomic species and shows a considerably higher sensitivity than those
demonstrated by the commonly applied E-CARS method in the infrared region and electric-field-induced
second-harmonic generation. This method can be applied to various Raman-active molecules.
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An electric field is one of the basic parameters that
describes various spaces, and nonintrusive measurement of
electric fields is crucial in various fields and applications,
such as atmospheric science [1,2], lightning or thunder-
storm predictions [3], static electricity detection [4,5], and
discharge and plasma physics [6—19]. Numerous optical
methods are used to keep the disturbance of the system at a
low level for electric field measurements in low-pressure
environments [11,13] and/or environments that consist of
excited or atomic species, which are products of plasma and
discharge [8,9,12,17]; however, the methods suitable for
high-pressure environments, especially without plasma and
discharge generation, are limited. Two currently popular
methods at near-atmospheric pressure without plasma and
discharge generation are electric-field-induced coherent
anti-Stokes Raman scattering (E-CARS) in the infrared
region (E-CARSi) [6] and electric-field-induced second-
harmonic generation (E-FISH) [20]. Since both methods
produce a coherent beam as a signal, they are applicable for
remote sensing of electric fields.

E-CARS and E-FISH are both third-order nonlinear
optical effects. Their intensities are described according
to the following expression [21,22]:
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where 1) is the intensity of the induced light from the
third-order nonlinear optical effect, »® is the third-order
nonlinear susceptibility, C; is a constant regarding the
interaction lengths decided by the geometry and the phase-
matching condition discussed later, and N is the number
density of the molecules for E-FISH or the density differ-
ence of molecules at the lower and higher states involved in
the Raman transition for E-CARS. E is the electric field
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strength applied to the targeted molecules, and /; and I,
are the intensities of the incident laser beams. Two laser
beams are usually used in the E-CARSi method so that
the energy difference of the lasers matches the Raman-
transition energy, where, under normal conditions, 1| # I,.
To achieve the best phase-matching condition, the laser
beams need to be aligned collinearly. In contrast, for
simplicity, only one laser beam is used in the E-FISH
method, and therefore, the condition /; = I, holds true.
The equation shows that /) is proportional to N2, thus,
making both methods suitable for high-density environ-
ments such as atmospheric-pressure gases and liquids.
The schematics of the optical transitions of E-CARSI or
E-FISH are shown in Fig. 1. A scheme of the conventional
CARS is also shown in Fig. 1(b), since it is also generated
independently of the electric field strength, and the
CARS signal is applied in the analysis. In the E-FISH
method [Fig. 1(a)], a laser beam of frequency w is irradiated
into the measurement region, and a beam corresponding
to the second-harmonic signal of the frequency 2w, whose
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FIG. 1. Schematics of optical energy transitions. (a) Electric-

field-induced second-harmonic generation. (b) Electric-field-
induced coherent anti-Stokes Raman scattering in infrared region
together with conventional CARS.
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intensity is proportional to the square of the applied electric
field strength, is generated. By selecting the appropriate
laser wavelength, visible signals can be acquired, and a
highly sensitive photodetector, such as a photomultiplier
tube, can be employed to detect the E-FISH signal. As this
technique does not require any resonance, it is capable of
measuring the electric field almost independently of the
molecular species of the gases. However, it is necessary to
irradiate a relatively high-peak-intensity laser pulse to obtain
sufficient signal intensity, often requiring femtosecond or
picosecond laser irradiations [18,20]. On the other hand,
when two laser beams at frequencies @w; and @,, whose
energy difference matches the Raman-active vibrational
transition energy in the medium, are irradiated, a conven-
tional CARS beam at wcprs = 2w; — w, is generated, and
the E-CARSI beam at wg = | — w, is induced addition-
ally with an electric field in the E-CARSi method [Fig. 1(b)].
The intensity of the E-CARSi method is proportional to the
square of the applied electric field strength, whereas the
conventional CARS intensity does not depend on the field
strength. Because both intensities are proportional to the
square of the molecular density, by taking the ratio of the
beam intensities of E-CARSI1 to CARS, part of the molecular
density is canceled, and electric field measurements can be
performed even without knowing the molecular density.
Additionally, since this technique utilizes resonance with the
Raman-transition energy of the targeted molecules, it is
capable of measuring the sensitive electric field owing to y )
and the conversion efficiencies being substantially higher
than those in nonresonant processes [23,24]. However,
E-CARSi, which corresponds to the Raman-transition
energy, is in the infrared region in most cases, e.g., wave-
lengths at 2.4 [6] and 4.29 ym [22] in hydrogen and
nitrogen, respectively, which prevents us from achieving
highly sensitive field measurements owing to the difficulty
in detecting infrared light. For example, when a low-band-
gap photodiode cryogenically cooled to reduce the Johnson-
Nyquist noise is applied, thermal background radiation
causes difficulties. As a result, the detection limit demon-
strated by the E-CARSi method [6] is similar to that of the
E-FISH method [18].

In this study, we apply a scheme to generate E-CARS in
the visible region (E-CARSv) to achieve highly sensitive
field measurements. A schematic of the optical transition is
shown in Fig. 2. This scheme was first proposed by
Buldakov et al. [25], but there are no practical implemen-
tations yet. In this scheme, two laser beams at @, and o
are employed to induce wcars = @1 + @R With an electric
field. For hydrogen, the wavelength corresponding to g is
2.4 um, and the detected signal is at 436 nm (@wcars) When
532 nm is applied for @;. This method does not use any
excited states of molecules; therefore, it can be applied to
nondischarge media.

A schematic of the experimental setup is shown in Fig. 3.
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FIG. 2. Schematic of the optical energy transition for
E-CARSv.

Surelite ITI-10JS) was converted into two beams at 532 nm
and 2.4 um using an optical parametric oscillator (OPO)
and optical parametric amplifier (OPA) system and fre-
quency-doubling crystals (Laser Vision, custom). The
frequency of 2.4 um corresponds to the Raman-active
transition energy of the Q branch (vibrational quantum
number v = 0 to 1) of the hydrogen molecule. The pulse
durations of these beams were 3—5 ns, and their repetition
rates were 10 Hz. The pulse powers were approximately
10 and 3 mJ for 532 nm and 2.4 um, respectively. The
polarization of both lasers is parallel to an externally
applied electric field. Both lasers with their diameters of
approximately 6 mm were collinearly aligned and focused
on the center of the electrode gap in a hydrogen cell through
a synthetic fused silica window by an off-axis parabolic
mirror with a focal length of 75 mm. The beam diameters at
the focal point were measured to be approximately 50 and
150 pum, and the peak irradiances were estimated to be
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FIG. 3. Schematic of the experimental setup.
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approximately 1 and 0.04 GW/mm? for 532 nm and
2.4 um, respectively. A long pass filter was inserted before
the window to cut off any sum-frequency light generated at
the upstream optical components. Cylindrical stainless-
steel flat-plate electrodes with a diameter of 17.0 mm were
placed face to face with a gap distance of 3.5 mm to apply
an electric field with a dc power supply. Because no
discharge was generated under any experimental condi-
tions, the electric field was simply calculated from the
applied voltage and electrode gap. The voltage applied
between the electrodes was measured with a voltmeter
(FLUKE 175 true RMS multimeter) for voltages up to 45V,
or with a high-voltage probe (Tektronix P6015A) con-
nected to a digital oscilloscope (Tektronix TDS744A) at a
higher voltage. At the focal region, the beam at 436 nm was
generated with an electric field, and three collinearly
aligned beams emerged from the hydrogen cell through
another synthetic fused silica window. Those three beams
were separated by a prism, and the incident beams at
2.4 ym and 532 nm were monitored by photodetectors
(Thorlabs PDA20H-EC and DETI10A/M, respectively).
The induced signal at 436 nm was detected by a photo-
multiplier tube (Hamamatsu Photonics R3896W) after an
iris, short-pass filters, and a monochromator to reduce the
stray light at 532 nm. All detected signals were recorded
using a digital oscilloscope (Tektronix TDS5104B).
Figure 4 shows the result of the wavelength scan of the
infrared laser around 2.4 pum. The applied electric field was
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FIG. 4. E-CARSv spectrum under an atmospheric-pressure
hydrogen environment with an applied electric field of
13 V/mm. The four observed peaks correspond to the Raman-
transition energies of the Q branch of the hydrogen molecule. The
inset is a Boltzmann plot for the rotational states J showing a rota-
tional temperature of 286 K. The vertical axis of the inset is
(k/2hceB) In [I®)(J)/g?(2J + 1)], where k is Boltzmann’s con-
stant, /& is Planck’s constant, B is the rotational constant and is
60.853 cm™! for hydrogen molecules, /®)(J) is the intensity of
each line, and g; is the nuclear-spin degeneracy. The slope of the
plot gives —T; .

13 V/mm, and the hydrogen pressure was 1 atm. The
scanning speed of the infrared laser was approximately
0.07 cm™!/s. Four peaks were observed at 4161, 4155,
4144, and 4127 cm™!, which correspond to the rotational
quantum numbers J of 0, 1, 2, and 3 in the Q branch (v = 0
to 1) of the hydrogen molecule, respectively. Similar to the
conventional CARS spectra [26] at room temperature,
the transition at 4155 cm~! (J = 1) provides the strongest
signal in the Q branch. The inset is the Boltzmann plot [27]
indicating the rotational temperature 7', of 286 K, which is
in good agreement with the room temperature of 290 K
during the measurement. This agreement indicates that
the laser irradiations did not disturb the temperature
estimation in this study. While successful temperature
estimations in ~1 atm environments were achieved with
higher laser irradiances and powers [28,29], temperature
elevation via laser pulses [30,31] should be carefully
considered when the intense laser is applied. We attribute
the observed linewidth of ~2 cm™' (60 GHz) to the
linewidth of the infrared laser since the linewidth of
Raman spectra should be dominated by Doppler broad-
ening, which is about 0.036 cm™! (1.1 GHz) for 290 K
hydrogen molecules. Together with the E-field dependence,
it is clear that the signal in Fig. 4 was induced by the
E-CARSv scheme. In the following measurements of the
dependence of the electric field strength and molecular
density, an infrared wave number of 4155 cm~! was
adopted.

The results of the signal intensity measurements in an
atmospheric-pressure hydrogen environment as a function
of the externally applied electric field strength are shown in
Figs. 5(a) and 5(b), which show the results in the strong and
weak electric field ranges, respectively. More than 1000
signals were averaged to reduce the effects of the shot-to-
shot instability of the laser beams. Both results show the
proportionality of the square root of the signal intensity to
the electric field strength, as described in Eq. (1). This
result for E-CARSv thus demonstrates the feasibility of
an electric field measurement over a wide field strength
range of up to 300 V/mm, and more importantly, from
Fig. 5(b), the electric field strength down to approximately
0.5 V/mm is detectable at atmospheric pressure.

The relationship between the partial pressure of hydrogen
and the square root of the signal intensity is shown in Fig. 6(a)
for an applied electric field of 13 V/mm. The signals were
averaged over 1000 signals. Herein, to avoid different
curvatures of windows causing misalignment of the signal
beam, we maintained the total pressure inside the test cell at 1
atm by adding nitrogen molecules. Although we employed a
hydrogen and nitrogen mixture, each molecular species has
characteristic vibrational and rotational transition energies;
therefore, they are seldom confused with each other [32]. In
Fig. 6(a), there is an approximate proportionality between the
square roots of the measured signal intensities and the partial
pressure, that is, the number density of hydrogen molecules.
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Square roots of the measured signals as functions of the externally applied electric field strength in hydrogen at 1 atm:

(a) strong electric field range of 0-300 V/mm and (b) weak field range of 0~13 V/mm. Three sets of measurements are shown using
squares, circles, and diamonds. The broken lines are linear fits to the data. An electric field of approximately 0.5 V/mm was detectable.

This is consistent with the theoretical prediction in Eq. (1);
the square root of the CARS intensity is proportional to
the number density. In Fig. 6(b), the square roots of the
measured signal intensities as functions of the externally
applied electric field strength under different partial pre-
ssures of hydrogen are shown. For each partial pressure, the
square root of the signal intensity is proportional to the
electric field strength with different constants of proportion-
ality: the higher the partial pressure, the larger the con-
stant of proportionality. This indicates that it is possible to
measure the electric field strength at various pressures and
that the higher pressure of the targeted species makes
it possible to measure the electric field strength more
incisively.

As mentioned above, the minimum detectable field
demonstrated is 0.5 V/mm in atmospheric-pressure hydro-
gen. This value is significantly better than 5 V/mm, which
has been demonstrated by conventional E-CARSi [6] and
E-FISH [18]. Furthermore, this is the best value in laser-
based electric field measurements in atmospheric-pressure
environments and even closer to that achieved at low

pressure. Additionally, this is the best value even in
low-pressure environments in cases without additional
probe species, that is, excited or atomic species produced
by plasma and discharge. The highly sensitive methods
probing the energy shift of Rydberg states of atoms by
fluorescence-dip spectroscopy demonstrated 0.3 V/mm
for argon [9], 0.5 V/mm for hydrogen [8,17], 2.5 V/mm
for krypton [13], and 25 V/mm for xenon [11]. The method
that involves argon required metastable argon, which is
produced by plasma and discharge, and the method that
involved hydrogen required hydrogen atoms, which are also
produced by plasma and discharge as the probe, while the
ground states of krypton and xenon could be used as the
probe atoms. While it is evident that the CARS-based
method cannot be sensitive in the low-pressure region [6],
and thus, they cannot be compared, the high sensitivity of
this simple method, which detects only the intensity of the
induced light, is suggested by the fact that the minimum
detectable field is the same as that of detecting the energy
shift of Rydberg states of atomic hydrogen by fluorescence-
dip spectroscopy requiring a wavelength scan [8].

H(a)
i O

Intensity/2 (arb. u.)

S

[ ®) )
[ O 1.0atm Ql

~[ © o5atm /’

S [ A 02atm

gr /Q

KU e

S .

=l 0

5 e e
- 7’

£ Q/z S>’”f<>
B ,/%_’,’0 ___A_——’A——
r-. _A---X
ﬁ’f/.'—l |—I—|AI PR SRR T R SR |

O 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Partial pressure of H, (atm)

0 2 4 6 8 10 12 14
Electric field strength (V/mm)

FIG. 6. E-CARSv signal intensities under different hydrogen pressure environments. Square roots of the measured signals as functions
of (a) partial pressure of hydrogen and (b) electric field strength for hydrogen partial pressures of 0.2, 0.5, and 1.0 atm. The dotted lines

are linear fits to the data of the same pressure.
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While the demonstrated 0.5 V/mm detection at atmos-
pheric pressure is already very sensitive, further increasing
the sensitivity is possible. First, the narrower linewidth of
the laser should enhance the signal intensity, as the line-
width applied in this study was approximately 50 times
wider than that of the Raman transition. Second, reducing
the laser pulse width 7 should also enhance the sensitivity if
the linewidth of the laser is kept narrow enough since the
signal accumulated over 7 is proportional to 7~! in the case
modifying 7 and keeping the pulse powers (assuming
similarity in the pulse shape). For the Gaussian beam,
the minimum pulse width fitting within the Doppler
broadening of 290 K, thus effectively applied for
E-CARSv, should be approximately 400 ps, which is
estimated from the minimum linewidth of the Gaussian
beam Av,, = 0.447~! [33] and the Doppler broadening of
1.1 GHz. Thus, there is room to enhance an order by
reducing z. Another way to increase the sensitivity is to
enlarge the focal length as demonstrated in E-FISH [20],
while the spatial resolution in the depth direction will be
lost. If the electric field is uniformly distributed, the
effective interaction length [; between the laser pulses
and electric field should be close to twice the Rayleigh
range [ [20], which was approximately 2 mm in this case.
Another length deciding the signal intensity is the coher-
ence length /. depending on the phase-matching condition.
Since there is a wavelength dependence of the refractive
index [34,35], there remains a phase mismatch Ak =
|kcars — k1 — kr| with the collinear alignment. As Ak
are estimated to be ~0.4 cm™' for pure hydrogen and
~0.5 cm™! for a 20% hydrogen and 80% nitrogen mixture
at 1 atm and room temperature, /. are ~80 and ~60 mm,
respectively. For the case [, > [;, the signal quadratically
increases with [; (C; ~ [2). Thus, it is ideally expected that
efficient enhancement of the sensitivity in E-CARSv is
achieved via increasing /; (e.g., ~80 mm) with a narrower
linewidth (e.g., 1.1 GHz) and short pulse width (e.g.,
400 ps) laser, while further detailed discussion may need
to also consider the Gouy phase shift [36]. Obtaining such
an IR laser might be one of the difficulties of further
improving the current E-CARSv.

While high sensitivity has been demonstrated, the dis-
advantage of E-=CARSY is that, to use this method, there are
the requirements of finding the molecular density as well as
the population in the excited states. This disadvantage also
exists with E-FISH, but not with E-CARSi, where the
conventional CARS signal can be obtained simultaneously
[6]. However, the E-CARSv method can easily estimate the
rotational and vibrational temperatures of hydrogen by the
population distribution of the Q branches [37], as demon-
strated for the rotational states in Fig. 4. The rotational
temperature should be nearly in equilibrium with the
kinetic temperature [7,32]; thus, we can estimate the
molecular density assuming an ideal gas and Boltzmann
distribution in rotational states. As vibrationally excited

molecules are also detectable, by assuming a Boltzmann
distribution for both rotational and vibrational states, we
can estimate the specified molecular densities and thus the
electric field from the signal intensity. Therefore, without
adding new optical equipment, this method supported by an
additional wavelength scan should be applicable even for
environments, such as plasma environments, where the
gaseous temperature or excitation temperatures change.
However, if a state is in strong nonequilibrium preventing
the assumption of Boltzmann distribution, another method,
like conventional Raman scattering with an additional
spectrometer, may be required to estimate the molecular
density. The proposed method is applicable to media that
have Raman-active transitions; therefore, it could be widely
applied not only to hydrogen demonstrated in this study but
also to nitrogen, which is abundant in the atmosphere.
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