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ABSTRACT
We present a two-dimensional terahertz (2D THz) spectroscopy platform employing dual high-intensity THz sources generated in separate
LiNbO3 crystals via the tilted-pulse-front technique. An integrated periscope beam combiner enables efficient combination of the two THz
beams and precise overlap at both the sample and detection positions. The platform provides independent control over the polarization,
spectrum, and intensity of each THz pulse, thereby increasing experimental flexibility. To demonstrate the instrument’s performance, we
investigate nonlinear wave-mixing in silicon under dual-frequency excitation. Polarization-dependent nonlinear signals up to the 11th order
in a 2D spectrum were resolved at room temperature using this tabletop laser system. These results underscore the capability of the instrument
to explore complex material responses at THz frequencies and elucidate underlying nonlinear mechanisms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0281877

I. INTRODUCTION

Multidimensional spectroscopy, pioneered in nuclear mag-
netic resonance (NMR),1 has evolved into a powerful technique for
unraveling the intricate dynamics and interactions within complex
systems.2 Its applications have been extended to diverse spectral
regions, including infrared, optical, and microwave frequencies,3–10

providing insights into vibrational relaxation, energy transfer,
and inter-molecular couplings. These experiments rely on pre-
cisely controlled sequences of pulses to induce high-order non-
linear responses, revealing correlations and energy flows that are
inaccessible to linear spectroscopy.

Despite its proven capabilities, implementing multidimen-
sional spectroscopy in the THz frequency range presents formidable
experimental challenges. A key obstacle is the generation of THz
pulses with sufficient electric field strength to elicit measurable
nonlinear signals from the low-energy excitations in quantum

materials, such as phonons, magnons, and other collective modes.
In recent years, the rapid advancement of high-field THz tech-
nologies has significantly propelled the field forward.11,12 While
free-electron lasers provide intense THz radiation,13 modern table-
top laser-based THz sources have achieved electric field strengths
up to MV/cm,14–21 enabling the application of nonlinear THz
spectroscopy techniques.22–31

Among the nonlinear THz techniques, 2D THz spectroscopy
has rapidly developed in recent years and is applied to different
areas. It captures the time-resolved nonlinear response from dual
intense THz pulses, enabling exploration of coupling between
different collective modes through the cross peaks in the 2D
spectrum.32–45 This capability provides unprecedented insight into
the microscopic origins of cooperative phenomena in quantum
materials, such as superconductivity,46–52 charge density waves,53

and topological states.54,55 In addition, 2D THz spectroscopy enables
the identification of the intrinsic broadening mechanisms by
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measuring the lineshapes of the corresponding excitation
spectrum.48,56 Moreover, it has exhibited considerable poten-
tial for the investigation of ultrafast processes occurring on
femtosecond to picosecond timescales, rendering it indispensable
for the study of transient states and the coherent control of materials
under non-equilibrium conditions.26,30,57

Two-dimensional terahertz spectroscopy provides a unique
and powerful insight into ultrafast dynamics, but its widespread
application is limited by instrumental challenges. A primary chal-
lenge is generating and independently controlling two high-intensity
THz beams,26,30,57 including their polarization, spectrum, and inten-
sity. Precise control over these parameters is required to iso-
late specific interaction pathways and coupling mechanisms.58

Existing experimental setups often involve a trade-off between
versatility and efficiency. For example, a single-crystal genera-
tion setup avoids alignment complexities but lacks the versatility
for polarization-dependent studies, which are crucial for probing
material anisotropies.59 Conversely, dual-source platforms often use
a 45○ wire-grid polarizer as a beam combiner, which results in an
electric field loss of over 30% in at least one of the beams.56 The
combination of reduced field strength and alignment complexity
in dual-beam configurations limits the ability to drive and probe
extreme nonlinear responses, representing a major bottleneck for
the advancement of the 2D THz technique.

In this work, we have designed and constructed a novel
2D THz spectroscopy platform that achieves both high efficiency
and complete experimental flexibility. Our approach combines two

independent high-field THz sources with a custom periscope wire-
grid combiner, which preserves nearly the entire electric field from
each source. Furthermore, the periscope’s dual-mirror design pro-
vides two independent degrees of freedom for alignment, which
enables robust and precise spatial overlap and overcomes the align-
ment challenge in 2D THz spectroscopy. Our system offers complete
independent control over the polarization, spectral content, and
intensity of each beam, allowing experimental configurations not
feasible in previous table-top 2D THz systems. To demonstrate these
capabilities, we performed a dual-frequency excitation experiment
on silicon. The resulting 2D THz spectra reveal nonlinear wave-
mixing signals up to the 11th order at room temperature. To our
knowledge, this is the first room-temperature 2D demonstration of
such high-order responses in a compact system. Our work repre-
sents a robust instrumental advancement, providing the community
with a new route to build 2D THz spectrometers capable of achiev-
ing high electric fields for exploring complex dynamics in condensed
matter.

II. SETUP OF THE 2D THZ SPECTROSCOPY
The schematic of the 2D THz spectroscopy platform is depicted

in Fig. 1(a), comprising three key components: (i) dual high-
intensity THz beam generation using tilted-pulse-front technique in
separate LiNbO3 crystals, (ii) spatiotemporal manipulation of THz
beams, and (iii) nonlinear THz signal detection using electro-optical
sampling (EOS) with a data acquisition card. We proceed to

FIG. 1. (a) Schematic of the 2D THz spectroscopy platform with dual-crystal configuration. LNO: LiNbO3 crystal; L: lenses; M: mirror; CL: cylindrical lenses; OAM: off-axis
parabolic mirror; TP: THz polarizer; BPF: band-pass filter. The dashed section delineates the dual-beam combiner, comprising a reflective mirror and periscope assembly
with orthogonally aligned mirror and THz polarizer (90○ relative orientation). (b) Differential chopping detection scheme and THz transmission geometry. (c) Timing sequence
of the two-pulse excitation in 2D THz spectroscopy. (d) and (e) THz beam profiles at sample and EOS detection positions, respectively, with dashed lines showing Gaussian
fits to the overlapped dual-beam spots.
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delineate the design specifications and the experimen-
tal implementation of the three constituent components in
Secs. II A–II C.

A. Dual intense THz pulse generation
Two-dimensional terahertz spectroscopy requires two intense

THz pulses with the electric field strong enough to induce nonlin-
ear responses in the material. These pulses can be generated via
optical rectification in nonlinear crystals such as LiNbO3, utilizing
either a single- or dual-crystal configuration. The former scheme
employs two nearly collinear near-infrared pump beams incident on
a single crystal, leading to the spatial overlap of the generated THz
waves, which share identical polarization states.43 This configuration
restricts the subsequently independent manipulation of the two THz
fields. On the other hand, the combination of two THz beams gen-
erated from dual-LiNbO3 crystals usually utilizes a broadband THz
polarizer oriented at 45○ relative to the polarization direction of the
THz pulses, where one polarized THz beam is transmitted while the
other is reflected. However, this approach inherently reduces THz
electric field strength by a factor of 0.7 and introduces challenges in
achieving precise spatial overlap of the two THz beams at both the
sample and EOS positions.

Here, we employ a dual-LiNbO3 configuration and propose
a novel method for THz beam combination that minimizes field
strength loss while maintaining the versatile manipulation of THz
pulses. As shown in Fig. 1(a), a Ti:sapphire amplified laser system
with 800-nm center wavelength, 35-fs pulse duration, and 1-kHz
repetition rate serves as the pump source. The amplifier has two
independent compressor modules and delivers dual spatially sep-
arated outputs, denoted as beam A and beam B. Note that beam
A, after the delay stage, is elevated by 5 cm relative to beam
B through a standard periscope configuration incorporating two
reflective mirrors. Two independent THz beams are generated via
tilted-pulse-front optical rectification in MgO-doped LiNbO3 crys-
tal (CTL Photonics), where the MgO doping increases the damage
threshold and mitigates the photo-refraction effect.60 The crystal is
cut at a prism angle of θLN = 62○ to fulfill the velocity-matching con-
dition given by v gr

p cos θLN = v p
THz , where v gr

p is the group velocity
of the pump laser and v p

THz is the phase velocity of the THz wave
within the crystal.19 Initially, the pump beams A and B are individu-
ally directed onto gold-coated blazed gratings with groove densities
of 1500 and 1700 lines/mm, respectively. These gratings introduce a
pulse-front tilt through the m = −1 diffraction order with diffrac-
tion angle θd. After the grating, a 4 f imaging system comprising
two cylindrical lenses ( f1 = 100 mm, f2 = 60 mm) relays the pump
beams onto the crystal while maintaining a horizontal magnification
factor β1 = 0.6. A half-wave plate placed between the lenses rotates
the polarization of the diffracted beam from horizontal to vertical,
ensuring optimal THz generation efficiencies in the crystals.19 The
tilted angle γ of the pulse front is given by

tan γ = mλ0p
n gr

p β1 cos θd
, (1)

where λ0 is the central wavelength of the pump pulse, p is the
groove density of the grating, and n gr

p is the group refractive index
of LiNbO3 crystal at the pump pulse wavelength. The tilted angle
γ must match the crystal prism angle for optimal THz generation.

TABLE I. Experimental configurations of dual THz pulse generation.

Beam A Beam B

p (l/mm) 1500 1700
θi (○) 20.4 31.9
θd (○) 58.2 56.3
ENIR (mJ) 2.5 2.9
ETHz (μJ) 9.1 10.5
dTHz (mm) 1.1 1
ETHz (kV/cm)
(EA � EB) 560 730
ETHz (kV/cm)
(EA∥EB) 390 510

The specific parameters in our instrument are summarized in
Table I, where ENIR is the pumping energy before the grating, and
ETHz is the THz pulse energy measured by a commercial thermopile
detector (Ophir 3A-P-THz) directly after the crystal. An optical-
THz conversion efficiency of ∼0.36% is achieved for both grating
configurations.

B. THz beams manipulation
The generated THz waves (EA and EB), both initially polar-

ized along the vertical direction, must be precisely aligned and
focused collinearly to achieve optimal spatial overlap at both the
sample and EOS positions. The key component of our 2D THz
platform, enabling the polarization rotation and spatial recombi-
nation of the two THz beams, is a customized periscope assembly.
It comprises a gold-coated reflective mirror (M1) cascaded with a
high-extinction-ratio wire-grid THz polarizer (TP0) in a 90○ rotated
periscope configuration. The THz polarizer is oriented to transmit
THz beams with vertical polarization while reflecting those with hor-
izontal polarization. After reflecting off M1, EA propagates vertically,
followed by a subsequent reflection that turns the beam 90○ to a hor-
izontal direction. As indicated in the inset of Fig. 1(a), this process
effectively rotates the polarization of EA from vertical to horizontal.
EB is redirected by a mirror (M2) without altering its polarization
state, thereby transmitting through TP0. Consequently, the com-
bined dual THz beams exhibit orthogonal polarization states while
preserving their individual electric field strength. Furthermore, the
dual-reflector configuration for EA enables precise spatial overlap of
the two THz beams.

After the combination, the THz beams are carefully aligned
and focused using a set of off-axis parabolic mirrors (OAMs), each
with a diameter and effective focal length of 2 in. Due to the slight
divergence of the THz radiation emitted from the LiNbO3, the first
OAM with a 2-in. diameter is employed to efficiently collect the
THz beams. Following the initial focusing, the combined dual THz
beams are collimated using OAM2 and subsequently refocused onto
the sample position by OAM3. The overall energy transfer efficiency
of the three OAMs was measured to be 60% for THz beam A and
52% for THz beam B. The THz pulses transmitted through the
sample are re-imaged to the EOS position using a second pair of
OAMs (OAM4 and OAM5). The specific focal lengths of OAMs
are selected to achieve a tight focus at the sample plane, while also
providing sufficient working distance for sample access and cryostat
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integration. A continuous-flow liquid helium cryostat, equipped
with two TPX windows, is mounted on an XYZ stage, allowing for
accurate positioning of the sample at the THz focal point.

C. 2D THz signal detection
2D THz spectroscopy measures the nonlinear response arising

from the interaction between the two intense THz pulses with a vari-
able time delay.61 To isolate the nonlinear signal, two mechanical
choppers, synchronized to the laser repetition rate of 1 kHz, modu-
late beams A and B at a frequency of 250 Hz with a phase shift of π/2.
As shown in a typical time sequence in Fig. 1(b), four distinct states
of the probe pulses can be realized: IA (pulse A), IAB (pulse A + pulse
B), IB (pulse B), and I0 (background noise). The signal sequences
detected by EOS are sent to a data acquisition card following ampli-
fication by a voltage pre-amplifier. The THz electric field are record
as EA = IA − I0, EB = IB − I0, and EAB = IAB − I0. Therefore, the
nonlinear signal is given by

ENL(t, τ) = EAB(t, τ) − EA(t, τ) − EB(t), (2)

where τ represents the inter-pulse delay between EA and EB, and t
corresponds to the temporal axis of the EOS detection, as indicated
in Fig. 1(c). The signal ENL captures all orders of nonlinear response
arising from the interaction of the two THz pulses. By applying the
2D Fourier transform with respect to t and τ, the temporal sig-
nal ENL(t, τ) is converted into its frequency domain counterpart,
ENL(ωt , ωτ). The resulting 2D frequency spectrum reveals distinct
features corresponding to different nonlinear orders and interac-
tion sequences. Remarkably, the nonlinear signals are distributed
across the 2D frequency domain (ωt , ωτ), with their positions deter-
mined by the specific nonlinear processes involved.61 This approach
enables the identification and separation of various nonlinear inter-
action processes, providing a comprehensive understanding of the
material’s response to the dual THz excitations.

D. THz beams characterization
In 2D THz spectroscopy, the strong electric field and precise

spatial overlap of the dual THz pulses are essential as they directly
determine the extent and nature of the nonlinear effects, which can

FIG. 2. Characterization of the THz beams. (a) Normal-
ized temporal waveforms and (b) corresponding fast Fourier
transform (FFT) spectra of EA and EB, measured via EOS
using a 2-mm-thick ZnTe crystal. Both datasets were nor-
malized for comparison. (c)–(g) Time-domain waveforms
and (h) their respective FFT spectra of the multi-cycle THz
pulses filtered at center frequencies of 0.35, 0.42, 0.5, 0.7,
and 1 THz using two BPFs.
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be explored in the experiments. The spatial overlap of the dual THz
pulses at both the sample and EOS positions was examined using
a commercial uncooled microbolometer camera (Swiss Terahertz
S2x). As illustrated in Fig. 1(d), a radially symmetric THz beam spot
with a 1/e2 diameter of ∼1 mm was obtained at the sample position
without the cryostat. The circles in the 2D diagram represent the
Gaussian fitting results of the THz spot for EA and EB. Notably, sim-
ilar results are observed at the EOS position, as shown in Fig. 1(e),
demonstrating the excellent spatial overlap of the dual THz pulses
throughout the beam path.

Figures 2(a) and 2(b) show the temporal waveforms and cor-
responding spectra of EA and EB measured via EOS using a 2-mm-
thick ZnTe crystal. Following the procedure in Ref. 62, in the EA
� EB configuration, the peak electric field amplitudes of both THz
pulses at the sample position were estimated as EA ∼ 560 kV/cm and
EB ∼ 730 kV/cm, with a spectrum centered at 0.8 THz and extending
to 2 THz.62 For switching to EA∥ EB geometry, an additional THz
polarizer (TP2) oriented at 45○ relative to the horizontal direction is
placed after OAM2. However, in such a geometry, the electric field
of two THz beams is reduced to 70% of their peak fields. To prevent
the detrimental nonlinear response from the ZnTe crystal, a pair of
THz polarizers (TP3) was inserted before OAM5 to align the polar-
ization and attenuate the intensity of the dual THz beams at the EOS
sampling position.

To facilitate versatile manipulation of the dual intense THz
pulses, the distance between the LiNbO3 crystal and the first reflec-
tive mirror (M1 and M2) was set to ∼10 cm. This spacing was
specifically designed to accommodate individual optical compo-
nents: two narrowband pass filters (BPFs) for selecting the desired
narrowband pulses from the broadband THz radiation and a THz
polarizer (TP1) for independent control of the polarization state and,
hence, the field strengths of each combined beam. Figures 2(c)–2(g)
show the time traces of the narrowband THz waves at frequencies
of 0.35, 0.42, 0.5, 0.7, and 1 THz, respectively. The corresponding
frequency-domain spectra are presented in Fig. 2(h). The ability

to independently control the spectral, polarization, and intensity of
each beam significantly enhances the system’s versatility, enabling
precise manipulation of terahertz waves for diverse applications.

III. RESULTS AND DISCUSSION
To demonstrate the capabilities of our instrument and facilitate

the analysis of the complex 2D signals, we performed measurements
on an n-type silicon wafer (Si, 0.6 mm thickness, 1 × 1015 cm−3 car-
rier density) using dual distinct multi-cycle THz pulses. Pulse EA was
centered at 0.5 THz with a peak electric field of 40 kV/cm, and pulse
EB was centered at 0.7 THz with a peak electric field of 80 kV/cm.
These field strengths significantly exceed the threshold for nonlin-
ear effects in semiconductors, where even a few kV/cm can induce
measurable nonlinearities due to dominant free-carrier dynamics in
the THz regime.63–66 When both pulses illuminate the silicon, wave
mixing processes occur,67 generating new frequency components
that are combinations of the incident 0.5 and 0.7 THz frequencies.
Analysis of the frequency components and polarization dependence
of the nonlinear signals allows for the elucidation of underlying
mechanisms governing the observed nonlinear processes.

First, we measured the 2D nonlinear response from silicon
with dual THz pulses in a parallel configuration. As mentioned
above, an additional THz polarizer (TP2), oriented at 45○ relative to
the horizontal direction, was inserted after OAM2, which projects
the dual orthogonal polarized THz pulses into a parallel configu-
ration. Figure 3 illustrates the contour plots of EA(t, τ), EB(t, τ),
EAB(t, τ), and the nonlinear signal ENL(t, τ), respectively. The exclu-
sive presence of ENL(t, τ) during the temporal overlap of both pulses
confirms its nonlinear origin, arising from the interaction between
the dual pulses rather than a response to either pulse individually.

To further analyze the nonlinear signal, the 2D spectrum of
the nonlinear signal, ENL(ωt , ωτ), was obtained by performing a
2D Fourier transform on ENL(t, τ). As shown in Fig. 4(a), dis-
crete spectral features are observed at specific frequencies. For

FIG. 3. 2D contour plots of (a) EA, (b) EB, (c) EAB, and
(d) ENL as functions of probe delay t and relative delay τ
between the dual THz pump pulses.
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FIG. 4. (a) 2D spectra of ENL(ωt , ωτ) measured with parallel-polarized EA and EB. (b) Simulated third-order nonlinear signals from Eq. (3). Arrows represent the frequency
vectors of pulse A (ωA, ωA) and B (ωB, 0). (c) and (d) 2D spectra of ENL(ωt , ωτ)measured along the polarization directions of EA and EB, respectively, using cross-polarized
THz pump beams.

centrosymmetric media such as silicon, third-order nonlinearity is
the lowest non-vanishing term due to the absence of even-order
effects.65–67 For non-resonant interactions, the third-order polariza-
tion P3(t, τ), which contains both pulse A and B, can be expressed as
follows:

P3(t, τ) = ϵχ3[E2
A(t, τ)EB(t) + EA(t, τ)E2

B(t)], (3)

where χ3 is the third-order nonlinear susceptibility. The corre-
sponding 2D Fourier spectrum of the simulated nonlinear response,
using the above equation, is depicted in Fig. 4(b). The simulated
results qualitatively reproduce the principal peak positions and gen-
eral shapes observed experimentally, suggesting that the nonlinear
signals (1–6) are dominated by third-order effects. However, the
experimental data reveal additional features that are attributable to
higher-order nonlinear processes, which are not captured in the
simulation.

The complex nonlinear processes underlying the observed 2D
signals can be visualized and understood using graphical meth-
ods, such as Feynman diagrams59 and frequency vector analysis.61

To facilitate the frequency vector analysis, we define two vectors,
vA = (ωA, ωA) and vB = (ωB, 0), based on the wavefront of (EA(t, τ))
and (EB(t, 0)), as shown in Figs. 3(a) and 3(b). This representation
allows us to depict interaction pathways as sequences of arrows,
providing a clear and concise method for visualizing the evolution
of the nonlinear signals. For example, as illustrated in Fig. 4(a),
signal 1, located at (ωB, 0), arises from the interaction sequence
vA − vA + vB, which can be expressed as (ωA − ωA + ωB, ωA − ωA
+ 0). Similarly, signal 3, positioned at (ωA + 2ωB, ωA), results from
the sum frequency process represented by the interaction sequence
vA + 2vB. Signals 7 and 8 might initially be attributed to the third-
harmonic generation (THG) of EB and EA, respectively. However, as
we have discussed above, only the signal involving cross-interactions
between both pulses is experimentally resolvable in 2D spectroscopy.

Instead, signals 7 and 8 are identified as fifth-order nonlinear sig-
nals originating from six-wave mixing processes. Specifically, signal
7 can be interpreted as EA perturbing the third harmonic generation
of EB. The vectorial analysis readily indicates that signals 1–6, 7–12,
13–16, and 17 originate from third-, fifth-, seventh-, and ninth-order
nonlinear processes, respectively.

A weak but clearly identifiable signal (labeled as 18) associ-
ated with an 11th-order effect via the interaction sequence 6vB − 5vA
is resolved in both Figs. 4(a) and 4(c). This finding contrasts with
previous studies of high-order THz nonlinearities in silicon, which
were limited to one-dimensional high-harmonic generation (e.g.,
3ω, 5ω, and 7ω from a single intense THz pulse) and required the
extreme field strengths available at large-scale free-electron laser
facilities or cryogenic temperatures to enhance the signal.64 Our
instrument allows for the direct resolution of such high-order pro-
cesses in a 2D THz spectrum, distinguishing multiple contributions
of the same order, even in silicon with a low carrier density.65 This
result demonstrates the high sensitivity and signal-to-noise ratio of
the instrument.

All observed signals, their assigned interaction pathways, and
corresponding frequency coordinates are summarized in Table II.
The second-order signals, marked by dashed circles in Fig. 4(a), are
identified as artifacts arising from sum- and difference-frequency
generation between THz pulses A and B within the ZnTe detec-
tion crystal. These artifacts are effectively suppressed when the two
THz beams are cross-polarized, as shown in Figs. 4(c) and 4(d).
Control experiments were performed to verify the linear operating
regime of the ZnTe detection and to rule out instrumental artifacts
(Supplementary Material, Secs. S1–S3). In addition, systematic field-
dependence measurements of the nonlinear signals (Supplementary
Material, Sec. S4) validate our order assignments. Some signals also
exhibit clear deviations from the expected power-law behavior. We
attribute these deviations to saturation effects in the high-field, non-
perturbative regime, rather than to measurement artifacts.68 The
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TABLE II. Nonlinear optical processes contributing to 2D THz signals in silicon.

Signal (order) Nonlinear process Frequency space

1 (3rd) v⃗A − v⃗A + v⃗B (ωB, 0)
2 (3rd) v⃗B − v⃗B + v⃗A (ωA, ωA)
3 (3rd) v⃗A + 2v⃗B (ωA + 2ωB, ωA)
4 (3rd) 2v⃗A + v⃗B (2ωA + ωB, 2ωA)
5 (3rd) 2v⃗B − v⃗A (2ωB − ωA,−ωA)
6 (3rd) 2v⃗A − v⃗B (2ωA − ωB, 2ωA)
7 (5th) v⃗A − v⃗A + 3v⃗B (3ωB, 0)
8 (5th) v⃗B − v⃗B + 3v⃗A (3ωA, 3ωA)
9 (5th) 4v⃗A − v⃗B (4ωA − ωB, 4ωA)
10 (5th) 3v⃗A − 2v⃗B (3ωA − 2ωB, 3ωA)
11 (5th) 3v⃗B − 2v⃗A (3ωB − 2ωA,−2ωA)
12 (5th) 4v⃗B − v⃗A (4ωB − ωA,−ωA)
13 (7th) 4v⃗B − 3v⃗A (4ωB − 3ωA,−3ωA)
14 (7th) 5v⃗B − 2v⃗A (5ωB − 2ωA,−2ωA)
15 (7th) 5v⃗A − 2v⃗B (5ωA − 2ωB, 5ωA)
16 (7th) v⃗B − v⃗B + 5v⃗A (5ωA, 5ωA)
17 (9th) 5v⃗B − 4v⃗A (5ωB − 4ωA,−4ωA)
18 (11th) 6v⃗B − 5v⃗A (6ωB − 5ωA,−5ωA)

capability to resolve such saturation dynamics provides a quantita-
tive demonstration of the instrument’s performance and highlights
its capability for studying non-perturbative phenomena at high
fields.

To further assess the performance of our setup and character-
ize the nature of the nonlinear processes in silicon, we conducted
polarization-dependent measurements of the nonlinear response
with EA � EB geometry. Figures 4(c) and 4(d) present the result-
ing 2D spectra of the nonlinear signals, EA

NL and EB
NL, detected

via EOS optimizing along the EA and EB polarization directions,
respectively. Due to the higher intensity of EB (80 kV/cm) rel-
ative to EA (40 kV/cm), the nonlinear responses exhibit distinct
polarization-dependent features. For the EB

NL polarization, the sig-
nal 1 at (ωB,0) dominates over the signal 2 (ωA, ωA) component,
while EA

NL shows enhanced (ωA, ωA) response despite the lower EA
intensity. Furthermore, signals at positive τ [8, 9, 15, and 16 in
Fig. 4(c)] appear predominantly in EA

NL, whereas the nonlinear sig-
nals [12 and 14 in Fig. 4(d)] at negative τ but positive t are observed
exclusively along the EB

NL direction. These polarization-dependent
features directly reveal the tensorial nature of the nonlinear suscep-
tibilities in silicon, where the polarization of the nonlinear signal
correlates strongly with the dominant driving field components.
The comprehensive polarization analysis enabled by our 2D THz
spectroscopy system provides quantitative insight into the nonlin-
ear response of silicon, demonstrating both the advanced capabil-
ities of our instrumental configuration and contributing valuable
information to the fundamental understanding of nonlinear THz
phenomena in semiconductor materials.

IV. CONCLUSION
We have developed and characterized a two-dimensional THz

spectroscopy platform with a high electric field and complete

experimental flexibility. A periscope-based combiner enables effi-
cient beam combination and precise overlap of the two THz
beams. This platform provides independent control over the polar-
ization, spectrum, and intensity of two intense THz pulses. We
demonstrated the instrument’s performance by observing nonlinear
wave-mixing signals up to the 11th order in silicon at room temper-
ature, which showed a strong polarization dependence. These results
establish the platform as a powerful tool for investigating com-
plex material properties and fundamental light–matter interactions
at THz frequencies, with future applications spanning condensed
matter physics, materials science, and THz photonics.

SUPPLEMENTARY MATERIAL

See the Supplementary Material for (i) verification of the lin-
ear response of the EOS detection in a 2-mm-thick ZnTe crystal, (ii)
measurement of the 2D THz background spectrum in the absence
of a silicon sample, and (iii) field-dependence of the nonlinear signal
amplitudes.
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