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We present a single-shot detection method of terahertz corre-
lated second harmonic generation in plasma-based sources
by directly mixing an optical probe into femtosecond laser-
induced plasma filaments in air. The single-shot second
harmonic trace is obtained by measuring a second harmonic
generation on a conventional CCD with a spatiotemporally
distorted probe beam. The system shows a spectrometer res-
olution of 22 fs/pixel on the CCD and a true resolution on the
order of the probe pulse duration. With considerable THz
peak electric field strength, this formalism can open the door
to single-shot THz detection without bandwidth limitations.
© 2024 Optica Publishing Group
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In recent years, the development of large-scale laser facili-
ties has led to major contributions in terahertz (THz) and
plasma sciences. Recently, >1 J lasers showcased a record-
setting optical-to-THz energy conversion in lithium niobate
exceeding 1.2% [1]. Similar facilities were also used to pro-
duce large THz peak electric field strengths above MV/cm in
plasma [2]. The traditional method to fully characterize the THz
emission from sources has been through electro-optic sampling
(EOS) [3–6]; but, with increasing THz electric field strength,
electro-optic (EO) crystal over-rotation poses an issue in accu-
rately representing a signal with minimal distortion. The crystal
structure also limits the spectral detection bandwidth.

Terahertz Field-Induced Second Harmonic (TFISH) genera-
tion offers a platform for broad spectral detection range. It mixes
optical photons with THz photons in a third-order nonlinear
process to produce a second harmonic (SH) of the fundamental
optical photons [7]. The TFISH signal can also be mixed with a
reference SH signal to yield a coherent signal through homodyne
detection.

In this Letter, a potential method for a single-shot detection of
a broadband THz pulse is presented by directly mixing an optical
probe onto a two-color femtosecond laser-induced air plasma.
We designed a noncollinear TFISH generation by mixing a
probe beam onto the plasma at 40° incidence with respect to
the pump propagation axis. In previous results, we showed that

the system provides an SH signal that is correlated to the THz
field through the TFISH model [8,9], and the temporal and
polarization dynamics were studied in Ref. [10]. Despite other
interpretations of SH in plasma [11–14], the temporally gated
signals found in this study and the high conversion efficiency are
new. It is currently not definitive that the appearance of the strong
SH is explicitly field induced in the traditional sense. Since many
linear and nonlinear processes occur in the creation of a plasma
filament, theoretical analysis of the system is complicated. Work
to determine the authenticity of the signals as THz field induced
or a consequence of the same physics is ongoing. We continue
to use TFISH in this paper to easily present the data.

As shown in Fig. 1, the noncollinear TFISH system consists of
a two-color air plasma THz source where the probe beam inter-
sects the plasma at 40° incidence. A Coherent Astrella amplified
laser system operating at 6.5 W, 1 kHz repetition rate, and near
100 fs is used. The laser fundamental wavelength is 800 nm (ω)
with a 12 mm at 1/e2 initial beam spot size. The pump and probe
paths are 5.2 and 1.3 W, respectively. A 100µm-thick type I
β-Barium Borate (BBO 1) crystal is placed after the 300 mm
pump lens (L1) to maximize the THz field strength.

An 800 lp/mm grating is used to produce a 40° pulse-front
tilt (PFT) along the intensity-front of the probe with respect to
its wavefront [15], and thus encode temporal information onto
spatial coordinates. This configuration is hereby referred to as
a single-shot/real-time PFT system. The PFT is imaged from
the grating to the lens L1’s focal region with a Keplerian tele-
scope consisting of a pair of cylindrical lenses with focal lengths
300 mm (L2) and 100 mm (L3). This is considered the “grating-
imaging system.” Since the PFT probe is effectively collimated
in the interaction region between the probe and the plasma, a
third cylindrical 200 mm lens (L4) is used to focus the beam
orthogonally (vertical axis) to the induced PFT. The result is a
higher intensity along a line in the focal region. The interaction
is imaged to a CCD by a Keplerian telescope using spherical
lenses. Filters and dichroic mirrors are used to discriminate the
TFISH signal from the fundamental probe.

To achieve coherent detection, a second 100µm-thick type I
β-Barium Borate, labeled as BBO 2 in Fig. 1, is used in the probe
beam path to produce a reference wave. When the polarization of
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Fig. 1. Experimental setup. The pulse-front tilt (PFT) is imaged
onto the interaction region by a Keplerian telescope. A CCD
detects the SH generated, which is isolated with a dichroic
mirror (Thorlabs DMLP490 L) and two bandpass filters (Thorlabs
FBH400-40). BBO 1 and BBO 2 are β-BBO crystals. L1–L6 are
lenses. HWP is a half-wave plate. The inset shows the angles at the
interaction region: θC is the pump-probe angle, and θPFT

i is the PFT
angle where i is 1 or 2. The dashed and dotted lines are the phase
fronts of the probe and pump beams, respectively, and the solid
line represents the probe PFT.

the SH wave induced by BBO 2 has components along the same
axis as the polarization of the TFISH signal, an interferometric
process leads to a coherent homodyne detection of the THz field.
Hence, a half-wave plate (HWP) and the BBO 2 orientation are
used to adjust the former. A delay line in the probe beam path
aids in the spatiotemporal overlap.

The multi-shot behavior of the noncollinear system and the
TFISH signals retrieved at the pump–probe spatiotemporal over-
lap have been shown in Refs. [8,9]. Due to the nature of a
plasma-filament, there exists a localized TFISH signal maxima
because of the varying electron number density along the prop-
agation axis, which is found by moving L1 and BBO 1 together
through the probe beam focus [8,9].

The noncollinear system can be modeled using the TFISH
process to retrieve a signal:

S2ω ∝

∞∫
−∞

|︁|︁χ(3) (2ω)E2
ω (t − τ − αPFTx)E∗

THz (t)
|︁|︁2 ∂t, (1)

where S2ω is the signal detected by the PMT, χ(3)(2ω) is
the third-order susceptibility tensor of air within the plasma,
Eω(t ± τ − αPFTx) is the electric field of the probe beam delayed
by a temporal factor τ and influenced by PFT with αPFT in s/m,
x is the transverse coordinate, and ETHz(t) is the THz field con-
fined to the plasma filament. The probe beam is incident onto
the grating at 0° leading to an initial diffraction at 40°. The
PFT at the grating is directly imaged to the interaction region.
The linear propagation from the grating to the CCD is modeled
using Kostenbauder matrices [16,17] (K-matrices), yielding a
total induced PFT angle of 70° at the interaction region with the
following 4× 4 K-matrix:

Kint =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

f3
f2σ

0 0 0

0
f2σ
f3

0 −
f2λξ
f3c

−
ξ

cσ
0 1 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎣
A B 0 E
C D 0 F
G H 1 I
0 0 0 1

⎤⎥⎥⎥⎥⎥⎦ ,

where f 2 and f 3 are the focal lengths of L2 and L3, respec-
tively, σ is the angular grating magnification, λ is the probe
beam fundamental center wavelength, ξ is the grating angular
dispersion parameter, and c is the speed of light in air [18]. Note
that L4 is omitted since it has no effect in the angle of the PFT.
Parameters A, B, C, and D of the K-matrix form the well-known
ABCD matrix, with a temporal counterpart in the bottom right
quadrant with parameter I being the group delay dispersion.
The spatiotemporally coupled terms E, F, G, and H denote the
spatial chirp, angular dispersion, PFT, and time versus angle,
respectively [16,17]. A spatiotemporal Gaussian pulse yields a
reduced Q-Matrix at the interaction region given by [17]

Q =

[︃
A 0
G 1

]︃
· Qin +

[︃
B E

λ

H I
λ

]︃
[︃
C 0
0 0

]︃
· Qin +

[︃
D F

λ

0 1

]︃ = j
λ

π

[︃
Qxx Qxt

−Qxt Qtt

]︃−1

.

The output field becomes E(x, z, t) = e[x2Qxx + 2xtQxt − t2Qtt ], where
Qxx describes the spatial Gaussian parameters, Qxt is the coupling
term, and Qtt describes the temporal width of the pulse. The input
Q-matrix Qin (before the grating) describes the initial probe,
with Qxt = 0. The PFT is extracted from Q by αPFT =

ℜ{Qxt }
ℜ{Qtt }

and
described by the angle θPFT = tan−1(αPFTc) between the beam’s
intensity front and wavefront [15]. The extension of the K- and
Q-matrices to the CCD plane from the grating plane is simulated
and carried out in MATLAB.

The noncollinear geometry leads to an effective PFT angle
θPFT

2 = 180◦ − θPFT
1 − θC, where θPFT

2 is the PFT angle in the
interaction region, θPFT

1 is the PFT angle imaged with the first
telescope, and θC is the angle between the pump and the probe.
In the interaction region, the beam is an ellipse with horizontal
and vertical waist radii of 1 mm and 9 µm, respectively. A careful
alignment is vital for the minimum TFISH trace size during the
spatiotemporal overlap.

Figure 2 shows the simulations of the PFT system using a
K-matrix solver from the grating to the CCD for initial probe
beam diameters Din = 5, 12, and 20 mm. The simulation accounts

Fig. 2. Simulation results of a K-matrix solver for system opti-
mization using three initial probe beam diameters. (a) Beam pulse
duration lengthening due to the angular dispersion as a function of
distance from the CCD (lens focal plane). (b) Maximum achiev-
able PFT versus distance from the CCD. (c) Maximum achievable
time window versus distance from CCD. (d) Output beam diameter
versus distance from the CCD.
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Fig. 3. Real-time detection results. (a) and (b) are the real-time
SH image gathered at the CCD for single- and two-color pumped
signals, respectively. (c) Temporal TFISH signal for two-color (solid
line) and single-color (dashed line) pumps resulting from integrat-
ing over the row (y-) pixels. The waveforms are flipped along the
temporal axis to match previous results and vertically shifted for
clarity. (d) Spectra corresponding to the TFISH signals.

for the doubled PFT magnification by the Keplerian telescope
after the interaction region. Although the PFT angle reduces
from 70° to 50°, the setup becomes physically easier. From
Fig. 2(a), the grating image plane is the only point where the
probe pulse-duration is preserved, and the spatiotemporal over-
lap is undistorted—yielding the maximum possible PFT angle
for a given system as shown in Fig. 2(b). Moving away from the
focus leads to a larger pulse duration and thus, loss of informa-
tion according to Eq. (1). In Fig. 2(c), as the initial diameter is
increased, the tolerance in localizing the maximum PFT angle
and the time window are relaxed at the tradeoff of the pulse
duration as seen in Fig. 2(a). This is due to the elimination of the
spatial chirp and group delay dispersion at the overlapping point,
which has a 0.6 mm theoretical tolerance for an 800 lines/mm
grating.

Figure 2(d) shows that as the beam diameter onto the grating is
increased, the divergence from the angular dispersion is relaxed.
In our experiment, a 12 mm diameter beam was chosen because
it yielded good experimental tolerances without needing large
aperture optics.

The overlapped spatial region directly yields a temporal
coordinate through expressions [6] TW =

DtanθPFT
2

c and ∆tR =
∆xtanθPFT

2
c , representing the temporal window and device-limited

resolution, respectively. Here, TW represents the spatiotempo-
rally coupled total detection time window, D is the optical beam
diameter, ∆tR is the temporal resolution per CCD pixel, and ∆x
is the CCD pixel width. When the interaction region is directly
imaged to the CCD, a y-pixel integration leads to the tempo-
ral detection of the TFISH signal due to the linear relationship
between TW and D.

In Fig. 3(a), the real-time trace of the TFISH signal for a
single-color excitation pump plasma is achieved by omitting
BBO 1. Because the single-color signal is weak, a higher probe
pulse energy (1.2 mJ at 1 kHz) and a longer exposure time
(60 ms) on the CCD are required to produce a visible trace. The
result remains a real-time trace where no delay scan is needed

and can be done in single-shot with a 9.3 mJ pulse energy.
Decreasing the probe beam diameter for a lower single-shot
energy operation will incur a cost on the time window. Further-
more, increasing intensity and the trace visibility by reducing
L3 inherently increases the PFT angle, lowering the temporal
resolution. In Fig. 3(b), because the TFISH trace shown is for
a two-color pump plasma, even a <130 µJ optical probe beam
energy yields good visibility at an exposure time of 1 ms. This
signal is effectively single-shot and theoretically requires no
average.

To retrieve the temporal trace, we average over every row of
pixels. The traces for a single-color and two-color sources are
shown in Fig. 3(c) at an exposure of 58 and 1 ms, respectively,
and their corresponding power spectrum is shown in Fig. 3(d).
The two-color trace is easily visible to the human eye. Figure 3
is background-free because the process, according to Eq. (1), is
inherently so. Other secondary SH radiation processes may still
lead to the appearance of DC components in Fig. 3(d).

The CCD used in the experiment (Imaging Source DMK
27BUP031) has a 2.2 µm pixel size. Experimentally, the PFT
method shows a resolution of 22 fs/pix and is measured by the
time difference ratio over the number of pixels the peak of a
signal shifted between two different time delay positions. This
spectrometer resolution is different from the real resolution. The
latter is found through the convolution between the probe opti-
cal pulse and Gaussian spectrometer function with a width set
to 22 fs, resulting in a resolution near the probe pulse dura-
tion. Since the PFT method encodes the temporal information
directly onto the spatial width of the probe beam, a very large
time window is accessible. In Fig. 3(c), despite the maximum
achievable time window is within the theoretical expectation of
15 ps, the THz beam size limits it to 1 ps. While relatively short,
this method can still be expanded to systems with a larger THz
beam diameter. For example, a 15 ps time window is possible
with only a 2 mm diameter focused THz beam.

The coherent signal for the two-color source is found through
the interferometric mixing of the TFISH signal with a controlled
SH. Using the BBO 2 crystal, the 2ω (400 nm) probe is termed
a Local Field-Induced Second Harmonic (LFISH) generated
wave. Considering that some of the ω probe beam propagates
unconverted, the interferometric mixing of the two SH signals
takes the form:

S2ω ∝ |ELFISH
2ω + ETFISH

2ω |
2 . (2)

The above expression produces two incoherent intensity traces
and a cross-correlated term known as the Optically Biased
Coherent Detection (OBCD) term [19]. A background subtrac-
tion operation is required to extract the OBCD term. The OBCD
trace for a two-color source is shown in Fig. 4(a) along with its
Fourier transform in Fig. 4(b). In this case, probe instabilities
clearly outline the time window as limited by the width of the
THz beam (since it is smaller than the horizontal width of the
probe). The PFT coherent detection is done with a 1 ms exposure
time, making it effectively single-shot for our 1 kHz repetition
rate laser pulses.

The THz spectrum can still be limited by alignment con-
straints. The BBO 2 crystal has a small aperture and part of
the PFT trace, and thus the probe spectrum, is clipped as it
must be placed in a region of dominant spatial chirp to avoid
crystal damage. When the PFT is established at the interaction
region, the clipped trace results in an artificial lengthening of
the probe pulse from the time–bandwidth product. Because the
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Fig. 4. (a) Single-shot OBCD signal from the PFT configuration
gathered at 1 ms exposure time. (b) Corresponding spectral power
of (a) obtained through mathematical Fourier transform.

Fig. 5. Comparison of a plasma source characterized by a single-
shot EOS (blue) and a single-shot OBCD (red) in (a) time, and (b)
their respective frequency spectra.

beam is spatiotemporally coupled, the signal becomes slightly
distorted, and the maximum detection spectrum decreases pro-
portionally to the increase in the probe pulse duration. Before the
interaction region, the temporal information is not yet localized
along the probe beam, and from an angular dispersion, clipping
the edges of the beam can lead to reduced information in the
overall signal. Yet, the recovered spectrum still boasts detection
capabilities beyond what is possible with a single-shot EOS.

For completeness, the single-shot OBCD signal is further
compared with a PFT-based single-shot EOS signal from setups
like Refs. [20,21] in Fig. 5. In our case, the PFT for the single-
shot EOS is induced with a 1200 lp/mm grating and the detection
crystal is a 1 mm thick ZnTe. The same pump–probe angle,
plasma source, and CCD are used in both cases. The temporal
lineouts are compared in Fig. 5(a), and their respective frequency
spectra are compared in Fig. 5(b). Both systems have a similar
signal-to-noise ratio of ∼200 and dynamic range of ∼103. They
differ in bandwidth and probe energy required. OBCD sees a
tenfold improvement in detection bandwidth (>20 THz) com-
pared to EOS (2.5 THz). EOS, expectedly, requires <10 nJ
of probe energy, whereas OBCD requires <130 µJ. Since the
probe energy required for OBCD is still very low, it remains
a better option, especially for higher spectral components
analysis.

In summary, we present the local measurement of the THz
intensity profile and the electric field profile inside the plasma by
mixing a spatiotemporally coupled probe beam directly into the
plasma. The high visibility resulting trace serves as a powerful
diagnostic of THz radiation in plasma-based sources. A broad
detection bandwidth is recovered for a two-color air–plasma
THz source. Since a single-shot EOS concept works here, the
detection window and the resolution can be improved with

other spatiotemporal couplings. An angular dispersion without
PFT can yield a high resolution and a high temporal window
characterization of THz waves.
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