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We present a recently developed terahertz platform. An air plasma produced by an ultrashort two-color
laser pulse serves as a broadband terahertz source, with electric field that has peak amplitude in the MV/cm
range. Air biased coherent detection of the terahertz field is employed where a peak detector associated
with a micro-controller board acquires the signal coming from an avalanche photodiode. The temporal and
spectral profiles of the produced terahertz electric field are presented, in excellent agreement with numerical
simulations of the whole setup. We illustrate the capabilities of this platform by performing spectroscopy on
water vapor and of a polystyrene reference sample.

I. INTRODUCTION

The terahertz (THz) part of the electromagnetic spec-
trum, usually defined between 0.1 THz and 30 THz, has
attracted great interest in various research fields in the
last decades. This recent progress in THz science has
led to the advent of numerous applications1,2. Terahertz
time domain spectroscopy3–5 (THz-TDS) is one of those
and it is extensively used in different domains of research
ranging from material science6 to chemistry7,8. Nowa-
days, commercial THz-TDS systems are available, mak-
ing this technique a widespread tool for numerous appli-
cations (see5 and references therein). One of the usual
limits of THz-TDS systems is the bandwidth of the THz
emitters and detectors as well as the amplitude of the
produced fields. Usually, emitters and detectors rely on
photoconductive antennas or optical rectification in non-
linear crystals with bandwidths limited to 10 THz and
suffering from bandwidth gaps due to absorption by op-
tical phonons in the material.

The improvement of THz-TDS systems goes hand
in hand with the development of appropriate THz
sources9,10. An interesting alternative source relies on
the use of an air plasma generated by a two color laser
pulse11–13. Such THz source can be conveniently coupled
with air biased coherent detection14,15 (ABCD). Using
air as the generation and detection medium has several
advantages, most notably the ability to produce broad-
band high amplitude THz fields without any risk of dam-
aging the source or detector. Moreover, the propaga-
tion and detection of these broadband THz spectra was
demonstrated, with bandwidths going up to 75 THz16

and beyond17. Not relying on solid material also means
avoiding the appearance of gaps in the THz spectra due
to optical phonons.

Here we report on the development of a THz plat-
form based on the above mentioned air plasma source
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and ABCD setup. In contrast to previous works using
lock-in amplifiers in the detection process, our data ac-
quisition scheme relies on the use of a peak detector to
collect the data and a micro-controller board as an ana-
log to digital converter. The first part of this paper is
dedicated to the presentation of the layout of the plat-
form. After describing the optical setup and the signal
detection, we introduce the micro-controller based data
acquisition and interface of the platform. In the second
part of the paper we present experimental results mea-
sured with the platform. We begin by showing the tem-
poral and spectral envelope of the produced THz pulses.
Numerical simulations of the platform including the THz
source and the detection support our measurements and
reveal important differences between generated and mea-
sured THz spectra. Then we demonstrate the spectro-
scopic capabilities of the platform. First by measuring
the fine structure imprinted by water vapor on the spec-
trum. Secondly, by using a polystyrene reference sam-
ple and comparing the results to measurements obtained
with a Fourier transform infrared (FTIR) spectrometer.

II. THZ PLATFORM SETUP

A. Optical setup

Our optical setup relies on THz generation by a two-
color ultra-short laser pulse11–13 composed of the fun-
damental harmonic (FH) and its second harmonic (SH).
The key process driving the THz generation has been
identified as an asymmetric current caused by photo-
ionization and subsequent acceleration of free electrons
16,18. The produced THz field is measured with an ABCD
setup14,19,20 where the THz pulse and a synchronized
FH laser pulse are focused and superposed in the pres-
ence of a DC bias field. Four wave mixing due to the
χ(3) non-linearity of air produces a SH radiation, a pro-
cess also called terahertz field induced second harmonic
generation21(TFISH). In order to be able to retrieve the
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FIG. 1. Scheme of the experimental setup. BS : Beam splitter
(50%); L : focusing lens (f = 300 mm); DL : Delay line; HWP
: Half waveplate; BH : composed of a BBO crystal and an
half-waveplate; BD : Beam dump; SiW : Silicon wafer; S :
Sample; HV : High voltage electrodes; F : 400 nm band-pass
filter; APD : Avalanche photodiode. The gray area highlights
the part of the setup within an air controlled enclosure.

THz electric field from the SH pulse, an additional high
voltage DC bias field is applied during the four wave mix-
ing process. The produced SH signal and its treatment
are discussed hereafter.

The optical setup is presented in Fig. 1. It uses 20% of
the output of a Ti:sapphire chirp-pulse amplifier (Coher-
ent Legend Elite Duo HP USX) producing 30 fs pulses at
a repetition rate of 5 kHz with 2 mJ per pulse at a central
wavelength of 800 nm. The 2 W incoming beam is split
equally between two arms, the first one being dedicated
to THz generation and the second one to THz detection.
The full THz beam-path is placed in a dry air enclosure
(see gray area in Fig. 1), in order to prevent the strong
absorption bands of water in the THz range.

The SH component of our two-color laser pulses is
produced in a 100 µm thick β-Barium Borate (BBO)
crystal adjusted for type I phase matching and a sub-
sequent ultra-thin half-waveplate at 800 nm (WPD03-
H800-F400-SP from Newlight Photonics). The second
harmonic generation (SHG) process converts part of the
fundamental pulse at the frequency ω into its SH at fre-
quency 2ω. Optimized type I SHG produces a SH field
with its polarization axis orthogonal to the FH field. The
THz yield is much larger when both components have
parallel polarization22, therefore we use a half-waveplate
to align both the FH and SH polarization axis. The use of
an ultra-thin waveplate is mandatory to keep some tem-
poral overlap between the two colors. The BBO crystal
and the waveplate are placed 70 mm before the geomet-
rical focus of a 300 mm lens. Another half-waveplate
is placed before the lens to adjust the polarization axis
of the FH field such that the polarization axis of the
produced linearly polarized THz field and the FH probe
pulse are parallel in the detection area.

A few millimeters before the geometrical focus of the

lens a plasma is generated by the two color laser pulse
and serves as an elongated THz point source. The emit-
ted THz field and the two color laser pulse are collected
and collimated by an off axis parabolic mirror. After
this first mirror the two color optical pulse is removed
by a silicon wafer that transmits about 50% of the THz
power23. The transmitted THz field is focused using a
second off axis parabolic mirror, before being collimated
by a third one. The samples are placed at that inter-
mediate THz focus. A motorized sample holder allows
us to perform measurements of several samples without
opening the dry air enclosure.

The probe part of the FH laser field propagating
through a delay line (DL325 from Newport) is dedicated
to THz detection. The THz pulse is focused again using
the last off axis parabolic mirror. A hole is this mir-
ror allows the FH probe pulse, at frequency ω, to be
focused by a 300 mm lens at the same position as the
THz pulse. At focus, a static 2 kV bias voltage is ap-
plied along the probe and THz polarization direction by
a pair of 2 mm long electrodes separated by 2 mm. This
results in TFISH through a four wave mixing process
between the probe FH field Eω and the low frequency
electric field EΩ = ETHz + Ebias where ETHz and Ebias

are the THz and bias fields, respectively. We use a band-
pass filter (FB400-40 from Thorlabs) centered at 400 nm
to isolate the produced SH signal, which is then detected
by an avalanche photodiode (APD440A2 from Thorlabs).
The probe and low frequency fields are both time depen-
dent and the resulting SH signal depends on their cross-
correlation. The SH signal S2ω received by the photodi-
ode, for a given time delay τ between the probe and THz
field, can be expressed as14

S2ω(τ) ∝
(
χ(3)Iω

)2 [
E2

THz(τ) + E2
bias + 2EbiasETHz(τ)

]
,

where χ(3) denotes the effective third-order susceptibility
of air and Iω the intensity of the probe pulse. Usually,
THz-TDS relies on the use of an external low-frequency
modulation of Ebias and lock-in amplification to extract
the THz electric field from the SH signal. Here, we choose
a different approach that requires to perform two succes-
sive measurements, S+

2ω and S−
2ω, with bias field of op-

posite sign, Ebias = ±10 kV/cm, as shown in Fig. 2(a).
By subtracting the two signals S+

2ω and S−
2ω we obtain

a signal STHz directly proportional to the THz electric
field,

STHz(τ) = S+
2ω(τ)−S−

2ω(τ) ∝ 4
(
χ(3)Iω

)2

|Ebias|ETHz(τ).

Note that by comparing the magnitude of SH signals with
and without bias field, the THz field amplitude can be
estimated when Ebias is known24.

B. Acquisition and interface electronics

A schematic diagram of the interface and data acqui-
sitions used in our THz platform is presented in Fig. 3.
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FIG. 2. (a) Second harmonic signal measured by applying a
bias field Ebias of 10 kV/cm with positive (red) or negative
(blue) sign. (b) Reconstructed terahertz field amplitude from
the difference between the two previous measurements. All
signals are normalized to the maximum measured signal.

The core of the electronics is a micro-controller board
(Arduino UNO Rev3) that serves as an interface between
various elements of the platform and the computer. We
use the LabVIEW Hobbyist Toolkit library25 to control
and interact with the micro-controller. The only other
element directly controlled by the computer is the de-
lay line, all other communications are performed via the
micro-controller. The desired sign of the applied bias
field is sent to the high voltage supply. Motorized beam-
blocks, composed of a piece of anodized aluminum fixed
on a servomotor (Parallax Standard Servo #900-00005),
are placed on both pump and probe arms. Their posi-
tions are controlled by pulse-width modulation and can
thus be controlled by the micro-controller. The Arduino
board does not only control all other elements but also
serves as an analog to digital converter. We use it to
record the experiment signal as well as the humidity in-
side the enclosure with a sensor (Honeywell HIH-4000-
001) placed near the sample holder. The measured sig-
nal does not come directly from the photodiode but from
a homemade peak detector26, which is used to convert
the photodiode signal into a DC voltage readable by the
micro-controller board. At its output, the avalanche pho-
todiode delivers a voltage pulse, whose amplitude is pro-
portional to the power of the received light pulse, with
a maximum value of 2V. The peak detector takes the
highest value of this input electronic signal and stores
it as a constant output voltage. Before being processed,
this output voltage is amplified by a factor 2.5 to use the
whole dynamic range of the analog to digital converter
of the micro-controller. A reset of the peak detector is
performed before each measurement.

Computer Delay line

Arduino
Peak

detector

High
voltage
supply

Motorized
beamblock

Humidity
sensor

Avalanche
photodiode

FIG. 3. Scheme of the interface and data acquisition. The
arrows represent the direction of the data flow.

III. THZ PLATFORM RESULTS

A. THz pulses produced by the platform

Figure 4 shows experimentally measured temporal and
spectral profiles of the THz pulses produced by the plat-
form. For those measurements, no sample was placed in
the path of the THz field and the relative humidity in-
side the enclosure was kept around 9% by injecting dry
air. The measured temporal profile is short, with an
envelope around 50 fs, and seems to be an almost single
cycle pulse. Using measurements taken with a known ap-
plied bias voltage of 10 kV/cm and without any bias24,
the THz electric field strength has been evaluated in the
MV/cm range. The THz spectrum is obtained by taking
the Fourier transform of the measured temporal electric
field. Thus, the chosen temporal step and span for the
acquisition also defines the spectral ones. For the mea-
surement presented in Fig. 4, the temporal step is set to
2 fs and the data are taken over a 2 ps span giving a
0.5 THz spectral step and a 250 THz span. These set-
tings are well suited to measure the spectral envelope of
the THz field and the shape of the temporal THz field.
The spectral intensity profile shown in Fig. 4(b) has a
smooth profile extending from 1 THz to 35 THz. This
measurement was performed by averaging over 10 laser
shots for each data point leading to a total acquisition
time of a couple of minutes.

B. Numerical simulations

To understand the different stages of the THz plat-
form and the results presented in the previous section,
we also performed numerical simulations in the exact
same experimental conditions. For the description of the
air-plasma based THz source, we use direct fully space
and time resolved computations based on a vectorial
version of the unidirectional pulse propagation equation
(UPPE)27. This numerical model governs the forward-
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FIG. 4. Measured (a) temporal profile and (b) reconstructed
spectral intensity of the THz electric field.

propagating transverse electric field components Ex, Ey

of elliptically-polarized pulses, which are subject to linear
dispersion and diffraction; together with third-order non-
linear polarization, photo-ionization and related losses28.
More detail about this vectorial model can be found in29

while the physical parameters for air are taken from30.
In the simulations presented thereafter, we used our

experimental laser parameters, namely an incident lin-
early polarized 115 µJ laser pulse at 800 nm with 30 fs
FWHM duration and 6 mm FWHM beam width on the
focusing lens L. This fundamental harmonic (FH) pulse
is then frequency doubled in the BBO crystal to create
a co-propagating second harmonic (SH) pulse (2.7% en-
ergy conversion). The polarizations of the FH and SH
pulses are aligned by means of a half-waveplate before
the pump intensity reaches values above the threshold
for ionization and a two-color air-plasma is generated
about 2 mm before the geometrical focus, here assumed
at z = 0. The simulated peak electron density as a func-
tion of the propagation distance z is shown in Fig. 5(a),
together with the energy build-up of the generated spec-
tral components below 90 THz. Figure 5(b) reveals that
the generated THz spectrum broadens significantly dur-
ing the generation process, with higher frequencies gen-
erated later, that is, closer to the end of the plasma.

It turns out to be crucial to take into account the dis-
persion properties of the BBO, the quartz half-waveplate
as well as the ambient air in order to get the correct
beam and pulse profile of the SH component as well as its
(slightly elliptic) polarization state at focus. Figure 5(c)-
(f) shows the FH and SH field components at the begin-
ning (z = −2 mm) and at the end (z = 0) of the interac-
tion region. In particular the temporal walk-off between
the two components is clearly visible, as the SH pulse is
delayed by about 25 fs compared to the FH pulse. While

at z = −2 mm some overlap near zero delay still enables
the photocurrent mechanism for THz generation, plasma
defocusing in the trailing part of the FH pulse has com-
pletely separated the two colors in the spatio-temporal
domain. This is why THz generation stops roughly in
the middle of the plasma at z = −1 mm, and the ex-
pected THz energy yield remains in the order of few nJ.

Finally, we want to shed some light on the THz de-
tection process, that is, the part of the generated THz
field that we can expect to detect in our measurements.
One could incorrectly expect to measure a pattern close
to the final spectrum at the end of the plasma (brown
curve z=0 mm) in Fig. 5(b). This is not the case because
those spectra are integrated over the whole transverse
plane. In the experimental detection setup only the part
of the THz field overlapping with the focused IR probe
pulse and the high voltage field is detected. Therefore, it
is instructive to compute the THz field in the detection
area. The four parabolic mirrors are essentially forming
two consecutive 4f systems and thus an image of the THz
source is produced. Figure 6(a) shows the evolution of
the THz fluence as a function of the propagation distance
in the detection area (accounting for 50% transmittance
of the silicon wafer). For convenience, the position of
the image of the geometrical focus of the laser pump is
set to z = 0. The highest THz fluency (and intensity)
is obtained at z = −1.5 mm, which corresponds to the
position of maximum THz generation of the source. It is
reasonable to focus the IR probe pulse at this position in
order to maximize the ABCD signal. Consistently with
our measurements the IR focal FWHM spot size can be
estimated to less than 20 µm, that is, much smaller than
the THz spot-size, and thus essentially the on-axis THz
intensity is detected.

The simulated on-axis THz spectral intensity at z =
−1.5 mm in the detection area is shown in Fig. 6(b).
Compared to the spectrum emitted by the source shown
in Fig. 5(b) lower THz frequencies are strongly sup-
pressed. The reason for the suppression of lower THz
frequencies in the ABCD scheme is that the THz spot size
is strongly frequency dependent, as it is limited by the
wavelength. Thus, for those THz frequencies the on-axis
intensity decreases. Moreover, beam divergence increases
with decreasing frequency, and parts of the low frequency
field may not be collected by the parabolic mirror.

It is important to note that the air-plasma based THz
source is very sensitive to the two-color pump waveform.
This is demonstrated by adding small chirp to the incom-
ing FH pulse. This chirp is imprinted to the SH pulse in
the generation process in the BBO, and as a result both
frequency and phase relation of FH and SH in the re-
gion of temporal overlap in the plasma is affected. Even
a small chirp corresponding to a group delay dispersion
of −100 fs2 will alter the recorded THz spectrum signifi-
cantly, as shown by the dotted curve in Fig. 6(b). Both
amplitude and width of the spectrum are strongly de-
creased, rendering the simulated spectrum much closer
to the experimental one presented in Fig. 4(b). A chirp
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FIG. 5. THz source: (a) Peak plasma density and THz energy (ν < 90 THz) versus propagation distance relative to the
geometrical focus at z = 0. (b) Snapshots of the transverse integrated THz spectrum at several positions z along the plasma.
Snapshots of the main FH (c) and SH (d) polarization component of the pump field near the beginning of the plasma at
z = −2 mm. (e) and (f) show the same fields near the end of the plasma at the geometrical focus z = 0.

FIG. 6. THz detection: (a) THz fluency (ν < 90 THz) in the detection area between the HV electrodes as a function of
the propagation distance. The position of the image of the geometrical focus of the pump laser is denoted with z = 0. (b)
Resulting on-axis (x = y = 0) spectral intensity at the position of maximum THz fluency z = −1.5 mm in the detection
area. For comparison, the same quantity is plotted for a slightly down-chirped input FH pulse with a group delay dispersion
of GDD = −100 fs2.

of this order of magnitude is likely to be present in the
upcoming experiments. Despite this, our measurements
are reproducible, thus showing the stability of the plat-
form.

C. Spectroscopic features of the THz pulses

Let us now use the platform to investigate the spec-
troscopic features imprinted in the THz pulses through
its beam path. For these purpose, we increase the spec-
tral resolution for a better identification of sharp spectral
lines that may appear in the spectra. To this end, we
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FIG. 7. (a) Temporal profile of the main THz pulse [identical
to the pulse shown in Fig. 4(a)]. (b) Trailing part of the THz
pulse containing the spectroscopic features, with vertical scale
adjusted for clarity. (c) Reconstructed spectral intensity (blue
curve) of the temporal profile of (a) and (b). The red curve
represents the absorption coefficient α extracted from the HI-
TRAN database for H2O convoluted by a 0.1 THz FWHM
Gaussian. The dashed lines serve as a guide to the eye by in-
dicating most intense line positions. The dotted line indicates
the position of a Si absorption band.

keep the temporal step of 2 fs in our acquisition (giving
a spectral span of 250 THz), but we extend the temporal
span to 10 ps, thus reducing the spectral resolution down
to 0.1 THz. The acquisition time using these parameters
and averaging over 10 shots for each data point is be-
low 10 minutes. Resulting temporal and spectral profiles
(still without any sample at the THz focus) are presented
in Fig. 7. Figure 7 (a) and (b) show different parts of the
same signal with adjusted vertical scales. It can be seen
that after the main pulse (a) [identical to the pulse shown
in Fig. 4(a)], a weak signal is present in the trailing part
of the pulse (b). In our setup, this signal is mainly at-
tributed to the presence of ambient water vapor31 in the
dry air enclosure that is kept at 9% relative humidity. In
the spectral domain, it corresponds to absorption bands
in the spectrum, as can be seen in Fig. 7(c). Even if the
amplitude of this signal is significantly smaller than the
main peak, it carries the essential spectral information on
the water absorption bands. This amplitude ratio high-
lights the need for a high signal to noise ratio, which has
been evaluated to about 100 for our acquisition system.
Figure 7(c) compares the position of the measured H2O
absorption bands with the absorption coefficient α ex-
tracted from the HITRAN database32, convoluted with
a 0.1 THz FWHM Gaussian to match our spectral res-
olution. The position of the main lines are in excellent
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FIG. 8. (a) Temporal profile of the THz electric field with
(blue) and without (red) polystyrene sample both normalized
to the reference spectrum peak value. (b) Retrieved intensity
spectrum with the polystyrene sample. (c) Reconstructed
transmission spectrum with polystyrene sample (blue) and
polystyrene absorption spectrum extracted from Bruker ATR-
Polymer Library (red). The dashed lines serve as a guide to
the eye and indicate the positions of the main absorption lines.

agreement, giving a good standard to validate our mea-
surements. Another weak absorption band in the mea-
sured spectrum, close to 18.1 THz, can be attributed to
a phonon resonance in the silicon wafer23.

D. THz time-domain spectroscopy of polystyrene

We finally perform time-domain spectroscopy of a
polystyrene sheet and compare it with data extracted
from a Fourier Transform Infra- Red (FTIR) spec-
troscopy database. Such sheets are frequently used as
a reference to calibrate FTIR spectrometers in both line
positions and amplitudes. The acquisitions parameters
are the same as in the previous section, that is, the spec-
tral resolution is set to 0.1 THz. Figure 8(a) shows the
measured temporal profiles. The signal with sample is
delayed due to global change of the group velocity in-
side the polystyrene sheet. The polystyrene dispersion
stretches the signal significantly, leading to some oscilla-
tions appearing between the main pulse and about 0.6 ps.
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Absorption leads to the appearance of spectral bands be-
tween 10 THz and 30 THz, as well as the water lines
discussed previously.

To obtain a better visualization of the polystyrene
spectral bands we calculated the transmission spectrum
of the sample by dividing the sample spectrum by the ref-
erence spectrum. The obtained transmission spectrum
is shown in Fig. 8(c), and compared with a reference
spectrum from the OPUS software Bruker ATR-Polymer-
Library33. The main line positions between 15 THz and
30 THz are in good agreement. For lower frequencies
there are no absorption lines to compare, and for higher
frequencies the signal-to-noise ratio becomes too low to
perform any comparison. The signal near the 21 THz line
drops to the noise level [see Fig. 8(b)], thus the trans-
mission value calculated around this frequency might not
be relevant. It may explain why the measured line shape
does not match the one observed in the FTIR spectrum.

IV. CONCLUSION

We have presented an air photonics based terahertz
platform with micro-controller interface for basic opera-
tions and data acquisition. The platform is thus easy to
use and customizable for future experiments. Our detec-
tion setup does not require a lock-in amplifier, but only
relies on a peak detector and the application of a high
voltage bias of switchable sign. Using this simple setup
we report a signal to noise ratio above 100. The plat-
form produces short THz pulses with a broadband spec-
trum reaching 30 THz and a peak electric field strength
in the MV/cm range. This makes for a versatile plat-
form usable for THz-TDS but also for other type of ap-
plications employing THz pulses as pump or probe such
as THz streaking34, molecular orientation35 or nonlinear
spectroscopy36.

Comparison with comprehensive numerical simulations
of both the THz source and detection reveals the origin
of the characteristic spectral shape obtained with ABCD
measurements. We also demonstrated the importance of
taking into account pump propagation effects before the
plasma for THz generation is formed, in particular in the
BBO crystal and waveplate. Such detailed confrontation
of theoretical results and measurements performed on a
given setup is unprecedented. We thus expect strong syn-
ergistic effects between experiments and numerical sim-
ulations in the future improvement and exploitation of
our THz platform.
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V. Vaičaitis, and L. Bergé, “Terahertz pulse generation by two-
color laser fields with circular polarization,” New J. Phys. 22,
103038 (2020).

30A. Nguyen, P. G. de Alaiza Mart́ınez, J. Déchard, I. Thiele,
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