
Plasma Sources
Science and
Technology

     

LETTER • OPEN ACCESS

Optical inline interferometer for enhanced low-field
detection via electric-field induced second
harmonic generation
To cite this article: Jean-Baptiste Billeau et al 2025 Plasma Sources Sci. Technol. 34 01LT03

 

View the article online for updates and enhancements.

You may also like
Toward quantitative electric-field
measurements of inception clouds in
nanosecond discharges using E-FISH
assisted by machine learning
Mhedine Alicherif, Edwin Sugeng, Yang
Zhijan et al.

-

Electric field measurements in plasmas:
how focusing strongly distorts the E-FISH
signal
Tat Loon Chng, Svetlana M Starikovskaia
and Marie-Claire Schanne-Klein

-

A deep learning approach for electric field
profile reconstruction based on the E-FISH
method
Zhijian Yang, Edwin Setiadi Sugeng and
Tat Loon Chng

-

This content was downloaded from IP address 194.95.115.160 on 24/08/2026 at 14:40

https://doi.org/10.1088/1361-6595/adad13
https://iopscience.iop.org/article/10.1088/1361-6595/ae6df9
https://iopscience.iop.org/article/10.1088/1361-6595/ae6df9
https://iopscience.iop.org/article/10.1088/1361-6595/ae6df9
https://iopscience.iop.org/article/10.1088/1361-6595/ae6df9
https://iopscience.iop.org/article/10.1088/1361-6595/abbf93
https://iopscience.iop.org/article/10.1088/1361-6595/abbf93
https://iopscience.iop.org/article/10.1088/1361-6595/abbf93
https://iopscience.iop.org/article/10.1088/1361-6595/adb515
https://iopscience.iop.org/article/10.1088/1361-6595/adb515
https://iopscience.iop.org/article/10.1088/1361-6595/adb515
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuke6lMhetbU6WTlVR2E6HhyHGeFIxlYCbeHx51dUivPG3mo_Jsv8nZTBOJYVtD-VdrAFoNAriWV4TjIBUQLpH0RomecSWgjKztLPS8UD_-QgpblDkLz8CtjWTzQ2I9jI0Quz7NnEOTTFEu6sYMkSPZ8Hvds8zj-1bxp2M3xhYBr2Yddo5Wp4TWHQolGFPD4TUT_DOyzvIvSO708sleIeAyq3xlHCC_50kLle4OqvShN6mH2-QeTI6FeO8ovELN07CBSoIM8BIcgrc3L-mMEOeFQH6nIY06xLCfwnKuUA0HvN0Ym378RYdhbehAsmvcf6GDIxCTirYOT6Ld9RXeDweqOQTOqD3SX1LQN35Bg0y3vK338omf8K86EnzbW10h8g6p&sig=Cg0ArKJSzPFzKYldC1Cl&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.hidenanalytical.com/find-solutions-for-your-plasma-diagnostics-landing-page/%3Futm_source%3DPlasma%2520Sources%2520Science%2520and%2520Technology%26utm_medium%3Dadvert%26utm_campaign%3DFeb


Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 34 (2025) 01LT03 (6pp) https://doi.org/10.1088/1361-6595/adad13

Letter

Optical inline interferometer for
enhanced low-field detection via
electric-field induced second harmonic
generation

Jean-Baptiste Billeau1, Patrick Cusson2, Denis V Seletskiy2 and Stephan Reuter1,∗

1 PPSL Laboratory, Department of Engineering Physics, Polytechnique Montréal, Montréal, Québec H3T
1J4, Canada
2 femtoQ Laboratory, Department of Engineering Physics, Polytechnique Montréal, Montréal, Québec
H3T 1J4, Canada

E-mail: stephan.reuter@polymtl.ca

Received 6 October 2024, revised 3 December 2024
Accepted for publication 22 January 2025
Published 29 January 2025

Abstract
Nonlinear optical methods, such as Electric-Field Induced Second Harmonic (E-FISH)
generation, have emerged as powerful tools for diagnosing electric fields in plasma
environments. The E-FISH technique depends quadratically on the electric field under study,
which results in complete insensitivity to its polarity and diminished sensitivity to its low
amplitudes. Both of these challenges have been recently resolved in a Local Oscillator
Electric-Field Induced Second Harmonic (LOE-FISH) technique, introducing coherent
homodyne amplification of a weak E-FISH signal using of an optical local oscillator field. Early
LOE-FISH demonstrations relied on a delay line, resulting in decreased accuracy due to the
higher sensitivity of the interferometer to environmental noise. In this work, we introduce an
‘inline’ design of the interferometer with maximally shared common paths and a balanced
photodetection system, thus greatly reducing sensitivity to environmental noise and laser
technical noise and hence improving the robustness of the technique. To this end, we achieve a
factor of 143 increase in signal-to-noise ratio (SNR) when LOE-FISH is compared to E-FISH.
Furthermore, we successfully measured an electric field as low as 32 V cm−1 with an SNR of
7.4 during 0.15 s measurement time, estimating an unprecedented detection limit of
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1.7 V (cm·
√
Hz)−1. Our work represents a significant step toward real-time, high-precision

diagnostics of electric fields in complex plasma environments, electric field amplitude
fluctuations can influence reactive species’ generation and overall process efficiency.

Keywords: E-FISH, homodyne amplification, polarization interferometry

1. Introduction

The rapidly evolving temporal and spatial electrical charac-
teristics of plasma sources are essential for producing highly
reactive species. Precise measurement and control of the
reduced electric field (E/N)—the electric field normalized by
the neutral species density—can significantly enhance the tail-
oring of plasma processes, ensuring more efficient and tar-
geted outcomes. This precise control promises to enable a
more efficient generation of highly reactive species (Richards
et al 2022), which play a key role in driving specific plasma
reactions. Tailoring the electric field can influence energy
transfer mechanisms, reaction rates, and chemical pathways
within the plasma. This is particularly important in applica-
tion fields such as plasma medicine (Fridman et al 2008, von
Woedtke et al 2013, Ulmer et al 2014, Laroussi 2020), where
optimizing interactions between reactive species and biolo-
gical tissues is critical, as well as in plasma-based environ-
mental technologies (Guo et al 2018, Lewis et al 2020, Li et al
2023), agricultural processes (Puač et al 2017, Guo et al 2021),
and chemical synthesis (Asadollahi et al 2020, Panchal et al
2024, Tian et al 2024). As the demand for real-time, adaptive
plasma treatments grows, achieving accurate and reliable con-
trol over the reduced electric field becomes critical for advan-
cing plasma technologies across these domains.

Recently, a nonresonant and non-invasive optical technique
called Electric-Field Induced Second Harmonic (E-FISH) has
been developed to temporally and spatially probe the reduced
electric field E, independent of the gas composition (Dogariu
et al 2017). By exploiting the hyperpolarizability of a medium
to induce nonlinear optical effects through the application
of an electric field, this method has demonstrated the abil-
ity to diagnose electric fields in plasma sources across a
wide temporal range, from the femtosecond to nanosecond
regimes (Dogariu et al 2017, Goldberg et al 2018, 2019,
Adamovich et al 2020). In a third-order nonlinear optical pro-
cess, a second-harmonic field EE-FISH can be produced in the
x-direction by a co-polarized external DC field Ex when the
medium is illuminated by an input field at frequency ω:

I2ωx ∝ |EE-FISH,x|2 ∝
(
χ(3)
xx ExI

ω
x

)2
L2, (1)

where χ
(3)
xx (−2ω;0,ω,ω) is the nonlinear susceptibility of

third-order proportional to the gas density, Iωx is the intensity
of the beam at frequency ω and polarized along the x direction,
and L is the length of the interaction region in the direction of
propagation.

Due to its quadratic dependence on the applied field Ex,
the E-FISH technique has two main limitations: (1) low sens-
itivity to weak electric fields and (2) the inability to detect
polarity changes of the field due to the E2 dependence. To
address the first limitation, E-FISH signals are typically cap-
tured using high-energy pulsed (femtosecond to nanosecond)
laser systems in the mJ range, along with intensified imaging
devices such as photomultiplier tubes (PMTs) and intensified
CCDs (ICCDs) (Dogariu et al 2017, Goldberg et al 2019).
Low repetition rates of such lasers coupled with low I2ω signal
levels and possibly slow acquisition speeds impose technolo-
gical limits on the applicability of the E-FISH technique for
tracking real-time processes.

Improvement of the first limitation and lifting of the second
one has been recently demonstrated through a homodyne amp-
lification of the E-FISH signal by mixing it with an optical
local oscillator (LO) beam (Hogue et al 2023, Billeau et al
2024):

SLOE−FISH ∝ E2
LO +E2

E−FISH + 2ELOEE−FISH cos(ϕ) . (2)

The signal S originates from the superposition of the elec-
tric field ELO with the E-FISH field (both at the 2ω carrier
frequency), and ϕ is the phase angle between the two fields.
The interference term gives access to the linear dependence
on the applied field and its multiplication by a strong LO
field (ELO ≫ EE-FISH). Furthermore, ϕ dependence enables the
detection of the polarity of the signal, referenced to the LO
field. In practice, the LO field is produced by second-harmonic
generation (SHG) of the fundamental wave. The phase (polar-
ity) of the applied electric field can be extracted from the inter-
ference component of the total signal. The existence of the
interference term can in turn be proven through a scan of the
phase angle ϕ between the LO and the E-FISH signal, through
a controlled insertion of the thin glass wedges (see figure 1).
In doing so, the interference term can be scanned in the
range from ±2ELOEE-FISH when ϕ is scanned from ±π. First
implementation of the Local Oscillator Electric-Field Induced
Second Harmonic (LOE-FISH) technique in a plasma charac-
terization context has demonstrated enhancement up to a factor
of 7 in the signal-to-noise ratio (SNR) when compared to the
E-FISH signal (Hogue et al 2023). Furthermore, the Amplified
Crossed-beam E-FISH (ACE-FISH) technique (Billeau et al
2024), which employs interferometry in a crossed-beam con-
figuration, has demonstrated enhanced spatial resolution by
achieving beam angles up to 3.6◦ while providing critical
insights into the electric field directionality in plasma jets.
However, both systems rely on an optical delay line between
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the interferometer arms, which introduces optomechanical
variations and heightens sensitivity to environmental condi-
tions (Brandi and Gizzi 2019). These factors are ultimately
linked to environmental disturbance of the interferometer’s
relative path length difference which, through ϕ, reduces the
SNR.

In this work, we propose an improved interferometer design
to overcome these challenges and enhance the SNR between
classical E-FISH and amplified E-FISH techniques. Based
on second-harmonic interferometry utilizing ‘single-arm’ sys-
tems (referring to interferometers withmaximally shared com-
mon path between its arms) (Hopf and Cervantes 1982), our
‘inline’ design multiplexes orthogonal polarizations of the E-
FISH and LO signals as two interferometer arms, employing
one SHG crystal and a polarizing beam splitter as two beams-
plitters of a general interferometer layout. Using a second har-
monic crystal and balanced detection, a minimum sensitivity
value of 1.7 V (cm·

√
Hz)−1 has been demonstrated. During

writing, we found out about a parallel investigation, which pro-
posed a similar ‘inline’ geometry, achieving the LOE-FISH
concept with the LO beam served by a second harmonic gen-
eration on interface surfaces of the E-FISH optics (LaCombe
et al 2024).

2. Methodology

Figure 1 presents a schematic of our inline LOE-FISH system.
For this demonstration we chose a PHAROS Yb:KGW regen-
erative amplifier (Light Conversion) operated at a 3.3 kHz
repetition rate and a wavelength of 1030 nm. The system deliv-
ers pulses with a duration of 260 fs and an energy of 20 µJ. In
this configuration, the polarization of the beam is parallel to
the table.

The key component of the interferometer is the BBO crys-
tal, whose optical axis is rotated 45◦ relative to the polariz-
ation of the laser beam at a frequency ω. This generates LO
in two collinear beams of vertical and horizontal polarization
and equal intensity. After the BBO, the laser beam is focused
between square electrodes (15 mm in length, with rounded
edges) where a high-voltage DC power supply (Speelman,
USA) generates the electric field. The applied voltage is meas-
ured using a CT4028 voltage probe (Cal Test Electronics,
USA). A pair of glass wedge prisms is used to fine-tune the
temporal overlap between the fundamental and second har-
monic beams, ultimately providing control over the ϕ phase
of the LOE-FISH interferometer and a way for optimizing
the interference fringe for maximum signal gain. After the
interaction region between the two electrodes, the beams are
sent onto a Wollaston prism, which sends beams of ortho-
gonal polarizations in different directions. Those beams are
then sent toward input ports of a balanced photodetector (PDB,
PDB450A, Thorlabs, USA), which detects a photon number
difference between the two polarization channels. EE-FISH sig-
nal inline-generated by the intense ω beam (equation (1)) will
then interfere with one (co-polarized) LO component, thus
upsetting an otherwise balanced photon number difference
readout. As such, the signal proportional to the interference

term (and hence EE-FISH) in equation (2) is detected as a posit-
ive (or negative) voltage output of the PDB, depending on the
polarity of the field under study. This scheme allows suppres-
sion of technical laser noise (common-noise rejection), once
the interferometer readout is balanced when the external field
is not applied. A half-wave plate on the ω beam before the
SHG crystal can be used to fine-tune this balancing. Finally,
the optical filtering system consists of two reflective short-pass
filters, a Wollaston prism and a collimating plano-convex lens
(f = 300 mm). The differential signal between the photodi-
odes is recorded using an SDS1104X-U digital storage oscil-
loscope (Siglent, USA), with a 500 kHz low-pass electrical
filter (EF506, Thorlabs, USA) in order to suppress unwanted
frequency noise contributions.

3. Results

To first compare the E-FISH signal to the LOE-FISH, a calib-
ration curve set at known electric field values was made (see
figure 2). Both signals were obtained using the same experi-
mental setup, with the only difference being the presence of
the BBO crystal in the LOE-FISH configuration. It should be
noted that SH conversion efficiency is less than 0.1%, validat-
ing the comparison procedure. Furthermore, post-processing
was identical for both signals; the prominence of 45 signal
pulses was averaged, with the uncertainty represented by the
standard deviation across all signals. Each individual signal
represents an average of 512 measurements. To ensure con-
sistency, the origin was set to zero by subtracting the signal
value measured in an environment without an electric field.

Accounting for the behavior of both regimes—linear for
LOE-FISH and quadratic for E-FISH—a fit of the ratio of their
SNRs is shown in figure 3 to highlight the signal improvement
achieved with our new technique. The reference fit is plotted
according to equation (3)

SSNRRatio ∝
SLOE-FISH
SE-FISH

∝ a+ bx
c+ dx2

. (3)

The ratio was plotted with error bars calculated using dif-
ferential uncertainty propagation based on the data from
figure 2.

To highlight the ability to detect low electric fields, an addi-
tional calibration curve using a set of known, small electric
field values is presented in figure 4. As with previous results,
the data in figure 4 is based on an average of 45 signals, each
consisting of an accumulation of 512 pulses. The y-axis rep-
resents the mean prominence of all the signals, with the error
bars indicating the standard deviation.

4. Discussion

Our work has the following unique results: the first is a sub-
stantial improvement in the SNR compared to previous iter-
ations of the LOE-FISH technique. With an SNR gain of
approximately 143 over conventional E-FISH methods, we
demonstrate a 20-fold enhancement relative to earlier versions.

3
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Figure 1. Top view of the experimental setup of the inline local oscillator E-FISH system.

Figure 2. Comparison between the E-FISH signal and the
LOE-FISH signal.

This improvement not only enables more precise and reli-
able measurements but also facilitates the use of more cost-
effective equipment. It also allows access to lower laser power
systems with a higher repetition rate and balanced readout
systems. Furthermore, this improvement creates the possib-
ility of using single-shot diagnostics on plasma sources. The
second major result is the ability to detect very low electric
fields. As shown in figure 4, the system successfully meas-
ured an electric field of 32 V cm−1 with an SNR of 7.4 in 0.15

Figure 3. Gain in the SNR of the LOE-FISH technique over the
E-FISH technique.

s, equating to a sensitivity of 1.7 V (cm·
√
Hz)−1. This cap-

ability represents a major advancement in low-field sensitiv-
ity, particularly in complex plasma environments where fluc-
tuations in electric field strength can significantly impact reac-
tion pathways and overall efficiency. The third result addresses
practical improvements. By employing an inline design, rather
than the traditional two-arm system with a delay line, we
reduce the complexity of the experimental setup. This simpli-
fies both manipulation and alignment procedures. Moreover,
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Figure 4. Low electric-field characterization.

the compact nature of the inline interferometer design makes
it more easily integrated into existing E-FISH setups, further
enhancing its practicality and ease of use in various research
environments.

5. Conclusion

In this paper, we have demonstrated significant advance-
ments in electric field detection using the LOE-FISH tech-
nique. The use of the BBO crystal, balanced photodetector and
refined optical alignment strategies has played a crucial role
in optimizing signal amplification while minimizing phase
shifts between the fundamental and second harmonic signals.
This comprehensive approach to system refinement has led to
measurable improvements in both performance and ease of
use, making it a promising development for future research
and applications in high-precision electric fieldmeasurements.
With an SNR gain of approximately 143 and the capability to
detect very low electric fields, down to an estimated current
limit of 1.7 V (cm·

√
Hz)−1, we believe these advancements

are pivotal for the development of real-time electric field dia-
gnostics in the plasma science domain.
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