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Abstract

Two-color air plasma based broadband terahertz (THz) generation and subsequent air biased coherent
detection (ABCD) of the THz field are presented. Both source and detection system are char-
acterized experimentally and numerically, yielding excellent agreement of measured and simulated
signals. We reveal that it is crucial to model the whole optical setup and include the various
pump distortions, like temporal and spatial walk-off as well as ellipticity of polarization, in order to
interpret the experimental measurements correctly. Moreover, it turns out that geometrical effects
in the ABCD scheme shape the recorded THz spectra and need to be taken into account. We
confirm that THz electric fields with peak amplitude in the MV/cm range and large spectral
bandwidth are produced, allowing us to demonstrate THz spectroscopy with molecular samples.
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1 Introduction

Terahertz (THz) radiation lies in the part of the
electromagnetic spectrum usually defined between
0.1 THz and 30 THz. As THz photons are weakly
energetic, they do not ionize matter and can
only excite free charges, optical phonons in solids
and molecular vibrations and rotations occurring
over ∼ ps time scales. The past decades have
known tremendous technological developments in
the elaboration of THz emitters [1–3], particularly
linked to the advent of ultrafast laser sources. This
technological progress opened up the route of new
diagnostics for medical imaging and cancer detec-
tion [4], new devices for molecular spectroscopy
[5] as well as for greenhouse gas detection and

plant life monitoring [6]. More recently, the pro-
duction of THz waves operating at high field
strengths attracted interest for various applica-
tions, e.g., in solid-state physics (see, e.g., the
recent review [7]), to probe water dynamics [8],
induce ultrafast phase transitions into metastable
collective states [9], for THz electron accelera-
tion [10], ultrafast chemistry [11] or even for atom
probe tomography [12].

Terahertz time-domain spectroscopy [13–15]
(THz-TDS) is one of the most spread applications
for pulsed THz radiation. THz-TDS is also used
extensively from material science [16] to chem-
istry [17, 18], so that several commercial systems
of this important tool are already available on
the market (see [15] and references therein). A
major limitation of common THz-TDS systems is
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the bandwidth of the THz emitters and detectors,
as well as the amplitude of the generated THz
fields. The most common emitters and detectors
are based on photoconductive antennas or opti-
cal rectification in nonlinear crystals. However,
their bandwidths are usually below 10 THz due
to absorption by optical phonons. Moreover, these
solid-state devices are limited by the crystal sizes
and their fragility to laser-induced damage.

Consequently, the further development of THz-
TDS systems goes hand in hand with the search
for suitable and robust THz emitters [3, 19].
An interesting alternative source is based on
an air plasma generated by a two-color laser
pulse [20–22]. The THz spectra emitted from such
plasma are extremely broadband, with ranges up
to 75 THz [23] and even beyond [24]. Such a
THz source is naturally ultrashort and can be
straight-forwardly coupled with air biased coher-
ent detection [25, 26] (ABCD). The use of air
as generation and detection medium has several
advantages. First, broadband THz fields with high
amplitude can be generated. Second, there is no
risk of damaging the source or detection medium.
The absence of solid materials also means that
the occurrence of gaps in the THz spectra due to
optical phonons is avoided.

In this paper we report on recent progress in
the development and exploitation of a THz plat-
form based on the above mentioned air plasma
source and ABCD setup [27]. In Sec. 2 the plat-
form is briefly reviewed, with special emphasis on
recent improvements of the signal-to-noise ratio.
Rigorous numerical simulations of the whole plat-
form, comprising the key optical elements shaping
the input pump pulse, are reported in Sec. 3.
Attention is paid to the numerical modeling of
the ABCD scheme, from which we reveal and
explain important differences between generated
and measured THz spectra. By comparing to
simplified pump configurations, we identify key
parameters of the pump pulse determining the
THz yield and spectral shape. Finally, in Sec. 4
we present the performances of the platform by
measuring the absorption of D-phenylalanine and
thymine samples. The resulting absorption spectra
are successfully confronted with Fourier transform
infrared (FTIR) measurements.

2 Optical setup

To produce a broadband THz radiation we use
an air plasma created by a two-color ultra-short
laser pulse [20–22]. The two-color pulse composed
of fundamental (FH) and second harmonic (SH)
ionizes the gaseous medium, here mostly dioxygen
molecules. Acceleration of the free electrons by the
two-color laser electric field leads to an asymmet-
ric current containing a low frequency component
that acts as radiation source in the THz spectral
range [23, 28]. The detection of the THz radia-
tion is performed by air biased coherent detection
(ABCD) [25, 29, 30]. This technique relies on four
wave mixing in air between the THz field, a DC
bias field and a FH probe field. The produced SH
radiation is detected and contains the information
about the THz field.

The optical setup presented in Fig. 1 is an
improved version of the one used in Ref. [27]. We
use a Ti:Sapphire chirp-pulse amplifier that pro-
duces pulses of 30 fs at a repetition rate of 5 kHz
with a central wavelength of 800 nm. Only 20 %
of the total energy output of the amplifier is used
for our experiments, which corresponds to 350 µJ.
This initial FH beam is split between two arms,
the first one (74%) is used for the THz gener-
ation and the second one (26%) for the ABCD
detection. Compared to our previous work [27] the
energy ratio between the generation and detection
arm has been adjusted. On one hand, the increase
in energy on the first arm leads to an enhance-
ment of the THz yield. On the other hand, lower
energy for the detection prevents any plasma for-
mation in the ABCD detection, thus making it
more stable. To get rid of water vapor, which
presents strong absorption lines in the THz range,
the whole beam-path of the THz field is placed in
a dry air enclosure (see gray area on Fig.1).

To produce our two color laser pulse, we use
second harmonic generation (SHG) in a 100 µm
thick β-barium borate (BBO) crystal. This crystal
is cut such that type I phase matching is opti-
mized. At the output of the crystal, the SH pulse
is orthogonally polarized with respect to the FH
polarization. We use an ultra-thin half-waveplate
at 800 nm (quartz, 45µm thickness) to turn the
polarization axis of the FH pulse parallel to the
SH polarization axis. This waveplate acts as an
approximate full waveplate for the SH compo-
nent, thus rendering the polarization of the SH
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Fig. 1 Schematic of the THz platform. BS : Beam split-
ter (76% reflection); L : focusing lens (f = 300 mm); DL
: Delay line; HWP : Half waveplate; BH : composed of
a BBO crystal and a dual wavelength waveplate; BD :
Beam dump; SiW : Silicon wafer; S : Sample; HV : High
voltage electrodes; F : 400 nm band-pass filter; APD :
Avalanche photodiode. The area in gray indicates the dry
air enclosure.

pulse almost unchanged and only slightly ellipti-
cal. Both optics are placed before the geometrical
focus of the lens, with the distance between BBO
and focus being about 7 cm.

This two color laser pulse produces a plasma
that is located a few millimeters before the geo-
metrical focus of the lens. Oscillation of the free
electrons inside the plasma gives rise to THz radi-
ation that is collected and collimated by a gold
coated off-axis parabolic mirror (OAP). A silicon
wafer, placed in the collimated beam path, is used
to filter out the two color optical pulse while trans-
mitting 50% of the THz power [31]. A second OAP
is used to focus the THz field onto the sample. A
second pair of OAPs collects and focuses the THz
field for the detection between the high voltage
electrodes of the ABCD setup.

The part of the laser pulse used as a probe
for the ABCD scheme goes through a delay line,
which allows to control its delay τ with respect to
the incoming THz pulse on the fs time-scale. The
probe pulse is then focused by a lens through a
hole in the last OAP, such that both foci of THz
and probe pulses overlap. Note that the half wave-
plate located in the pump arm, before the focusing
lens, renders the polarization of THz pulse and
probe pulse parallel. The high voltage electrodes
are used to apply a static bias field in the same
direction as the pulses polarization.

Our detection scheme relies on four wave mix-
ing mediated by the third order nonlinearity in
air. The mixing process produces a SH pulse and

involves the FH probe field Eω and a low fre-
quency field EΩ = ETHz +Ebias, composed of the
sum of THz and bias field. We use a bandpass fil-
ter to isolate the SH pulse and detect it with an
avalanche photodiode. The resulting SH signal S2ω

on the photodiode depends on the delay τ , and by
neglecting the finite duration of the probe pulse,
the signal can be expressed as [25]

S2ω(τ) ∝ I2
ω

[
E2

THz(τ) + E2
bias + 2ETHz(τ)Ebias

]
,

(1)
with Iω being the intensity of the FH probe pulse.
To extract the THz field ETHz(τ) from the SH
signal we perform two successive measurements,
S+

2ω and S−
2ω, while applying static bias fields

of opposite signs. The difference of those two
measurements

STHz(τ) = S+
2ω(τ)− S−

2ω(τ) ∝ I2
ωETHz(τ)|Ebias|

(2)
is directly proportional to the THz field.

In this regards, the acquisition electronics has
been improved compared to the one previously
reported in [27]. We adapted the time constant of
our high voltage supplies, allowing us to increase
the high voltage sign switch frequency while keep-
ing the same stability on the high voltage output.
We also replaced the 10 bits analog to digital
converter integrated in our micro-controller by an
external 15 bits one (ADS1115). This enhances the
resolution and sensitivity of our detection signif-
icantly and gives us the opportunity to perform
statistics on several measurements, while previ-
ously averaging over several measurements were
performed to oversample the signal. This upgrade
of the acquisition electronics coupled with the
adjustment of the energy ratio between the pump
and probe arms of the experiment gives a better
overall stability with an improved resolution and
sensitivity of the acquisition.

The measured THz pulses are almost single
cycle with an envelope of about 50 fs FWHM
duration. The measurements are performed with
a bias field of Ebias = ±10 kV/cm with steps
of 5 fs over a span of 10 ps. By comparing
the signal of the photodiode with and without
bias field applied [32], we measure a THz elec-
tric field strength of 1 MV/cm. Using the protocol
described in [33] we estimate the signal to noise
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ratio (SNR) and dynamic range (DR) of our acqui-
sition to 350 and 104, respectively. These esti-
mations were performed in the temporal domain
directly on the signals measured by the acquisition
electronics, that is, S2ω given by Eq. (1). Switch-
ing to a 15 bits analog to digital converter allows
us to perform statistics on our acquisitions. By
measuring the mean amplitude of the signal and
its standard deviation, we calculate the SNR as
the ratio between the two. The DR is calculated
as the ratio between the maximum amplitude of
the signal and the standard deviation of the noise
signal. The noise signal is taken as the signal in
absence of the THz field, in our case we measure
it at long negative delays, that is, before the THz
pulse arrival.

3 Numerical simulations

In this section, we present comprehensive numer-
ical simulations of the different stages of our THz
platform. Special efforts were made to meet the
same field configurations as in the experiments,
that is, propagation effects in all optical com-
ponents after the focusing lens are taken into
account. In particular, walk-off effects in the BBO
crystal, in the dual wavelength plate as well as
in the free air propagation turn out to be cru-
cial for a proper characterization of the system.
The air-plasma based THz source is modelled by a
vectorial version of the unidirectional pulse prop-
agation equation (UPPE) [34, 35] that governs
the forward-propagating transverse electric field
~E = (Ex, Ey) of elliptically-polarized pulses

∂z ~̂E = i
√
k2(ω)− k2

x − k2
y
~̂E + i

µ0ω
2

2k(ω)
~̂PKerr

− µ0ω

2k(ω)

(
~̂J + ~̂Jloss

)
.

(3)

We use such vectorial model to take into account
the slightly elliptical polarization of the two-color
pump induced by the ultra-thin waveplate. In

Eq. (3), ~̂E(kx, ky, z, ω) is the Fourier transform
of the transverse laser electric field with respect
to x, y, and t. The longitudinal laser electric
field component Ez is neglected for the moder-
ate focusing conditions used in the experiments.
The square-root on the right-hand side of Eq. (3)
describes linear dispersion and diffraction of the

pulse, where k(ω) = ωn(ω)/c contains the fre-
quency dependent refractive index n(ω) of air.
The other terms contain the third-order nonlinear
polarization

~PKerr(t) = ε0χ
(3)E2(t) ~E(t) , (4)

with Kerr index n2 = 3χ(3)/4n2
0cε0. Dispersion of

~PKerr is neglected, that is, χ(3) is taken as constant
in the relevant frequency window, and consistently
n0 = n(ωFH) is used in the prefactor. The electron

current ~J follows from a Drude model

∂t ~J(t) + νc
~J(t) =

qe

me
Ne(t) ~E(t) , (5)

and a loss term ~Jloss(E,Ne) due to ionization [36–
38]. The free electron density Ne is governed by

∂tNe(t) = W (E)[Na −Ne(t)] (6)

with field dependent ionization rate W (E) and
density of neutral species Na to be ionized1. In
Eq. (5), qe and me are the electron charge and
mass, respectively, and νc denotes the electron-
neutral collision rate. More details about this
model can be found in [39] while the physical
parameters for air are taken from [40].

The simulations employ the same laser param-
eters as our experiments, namely an incident lin-
early polarized 240 µJ laser pulse at 800 nm with
30 fs FWHM duration and 6 mm FWHM spa-
tial beam width on the focusing lens L with f =
30 cm. This fundamental harmonic (FH) pulse is
then frequency doubled in the 100 µm-thick BBO
crystal situated 7 cm before the linear focus point.
An orthogonally polarized co-propagating second
harmonic (SH) pulse is created (5.5% energy con-
version), where, in contrast to previous works [41],
both spatial and temporal walk-off are taken into
account by solving

i [∂z + δτ∂τ − δx∂x]ASH + χA2
FHei∆kz = 0 , (7)

i∂zAFH + χA∗
FHASHe−i∆kz = 0 , (8)

for the slowly varying envelopes ASH and AFH

expressed in a reference frame co-moving with

1For our laser configuration only oxygen molecules, which
have the lowest ionization potential of main air constituents,
get ionized.
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Fig. 2 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 = −3 mm. (e) and (f) show the same fields inside the plasma after THz generation has stopped due to lack of temporal
overlap between SH and FH component at z = −1 mm.

the FH pulse (retarded time τ). The symbol χ
comprises the effective χ(2) nonlinearity, ∆k =
2kFH − kSH is the phase mismatch, and δτ =
1/vSH

g − 1/vFH
g is the group velocity mismatch

responsible for temporal walk-off. For type-I SHG
the SH pulse is extraordinarily polarized, that is,
both kSH and vSH

g depend on the angle between
propagation direction (wave vector) and optical
axis of the uniaxial BBO crystal. This angle is cho-
sen to 0.510 rad, such that the phase mismatch
∆k = 0 vanishes. Spatial walk-off is characterized
by the walk-off angle δx, that is, the angle between
propagation direction (wave vector) and Poynting
vector of the SH beam. Note that we defined the
coordinate system such that spatial walk-off goes
in x direction. For evaluating the relevant parame-
ters δτ and δx we used the BBO dispersion relation
given in Ref. [42], yielding δτ = 1.93× 10−10 s/m
and δx = −0.678 rad.

After passing through the BBO crystal, the
polarization of the FH and SH pulses is aligned by
means of a 45 µm thick dual wavelength waveplate
made of quartz. Because of the waveplate config-
uration, no spatial walk-off takes place. We ignore
any nonlinear effects in the waveplate but take
into account the temporal walk-off δτ = 2.17 ×
10−10 s/m using the quartz dispersion relation
given in Ref. [43].

At a distance of about 4 mm before the
geometrical focus, here denoted by z = 0, the two-
color pump intensity exceeds the threshold for ion-
ization and an air-plasma is produced. Therefore,
we start the computationally expensive UPPE
simulation solving Eq. (3) at z = −5 mm. All
other pump propagation after the lense, includ-
ing SHG in the BBO, polarization rotation in the
waveplate, and linear propagation in air is com-
putationally light and handled by a pre-processor.
We neglect the effect of the Kerr nonlinearity on
the pulse propagation in the pre-processor. The
value of the B-integral at z = −5 mm is smaller
than one, and we checked that starting the UPPE
simulation at z = −10 mm, which reduces the B-
integral by about a factor two, yields no significant
differences. Figure 2(a) shows the resulting simu-
lated peak electron density versus the propagation
distance z. In the same figure, the energy build-
up of the generated spectral components below
90 THz is plotted. Note that this electron density
response and THz energy yield differ from those
reported in [27] because of a higher input beam
energy and fraction of second harmonic. Interest-
ingly, THz generation stops well before the end
of the plasma zone. Before explaining this obser-
vation, it is worth noticing that the generated
THz spectrum broadens significantly during the
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generation process, as shown in Fig. 2(b). Higher
frequencies generated later along the propagation
path, that is, farther away from the beginning of
the plasma.

As already indicated above, the pre-processor
takes into account the dispersion properties of the
BBO, of the quartz dual wavelength waveplate as
well as of the ambient air. This is crucial in order
to get the correct beam and pulse profile as well as
its (slightly elliptic) polarization state. In partic-
ular the temporal walk-off between the two pulse
components turns out to be of utmost importance,
in agreement with [44]. To get further insight, the
main FH and SH field components at the begin-
ning (z = −3 mm) and at the end (z = −1 mm)
of the region where THz radiation is generated
are shown in Fig. 2(c)-(f). The orthogonal field
components (not shown) are about one order of
magnitude smaller. Obviously, the SH pulse is
delayed by about 25 fs compared to the FH pulse,
thus, the delay is of the order of the pulse duration
itself. At z = −3 mm the two components overlap
near zero delay, and the photocurrent mechanism
for THz generation is active. At z = −1.5 mm,
however, plasma defocusing in the trailing part of
the FH pulse has completely separated the two
colors in the spatio-temporal domain. This is the
reason why THz generation stops roughly in the
middle of the plasma at z = −1.5 mm, and the
simulated THz energy yield remains of the order
of few tens of nJ.

Figure 3(a) shows the spatial evolution of the
THz fluency in the source area. During the main
THz production stage z < −1.5 mm the THz
beam is bell-shaped, but then it quickly evolves
into the typical ring structure of conical emis-
sion [45]. The final THz spectral energy density at
the end of the THz production stage (z = −1 mm)
in Fig. 3(b) suggests that this broadband source
could be used for spectroscopy in the range of 1
to 50 THz and beyond.

Finally, we want to shed some light on the THz
detection process, that is, the part of the gener-
ated THz field that we can detect in our ABCD
measurements. One could naively expect to mea-
sure a pattern close to the final spectrum at the
end of the plasma in Fig. 3(b). This is, however,
not the case. Both high and low THz frequencies
are strongly suppressed in the ABCD scheme for
the following two reasons.

First, the finite duration of the probe pulse
(here 30 fs FWHM duration) poses an upper
bound to the detectable THz frequencies [46, 47].
In the equation for the ABCD THz signal Eq. (2)
the convolution with the temporal envelope of the
probe pulse is omitted for simplicity. Taking this
into account, one finds for the THz signal

STHz(τ) ∝ |Ebias|
∫
I2
ω(t− τ)ETHz(t)dt . (9)

In temporal Fourier domain this implies that the
THz spectrum ÊTHz(ω) gets multiplied by the
Fourier transform of I2

ω(t), that is, the longer the
probe pulse duration, the more narrow the acces-
sible spectral window. For our configuration, fre-
quencies above 30 THz are strongly suppressed by
the ABCD temporal optical resolution, as can be
appreciated when comparing Figs. 4(b) and 3(b).
Any features which affect this spectral region, e.g.,
the influence of a chirp in the pump pulse as
reported in Ref. [27], are thus not detectable in
the present experimental configuration.

Second, the spectrum shown in Fig. 3(b) is
spatially integrated over the transverse plane. In
contrast to that, the ABCD setup detects only the
part of the THz field overlapping with the focused
IR probe pulse and the high voltage field. This is
also reflected by Eq. (9) when one remembers that
both Iω and ETHz depend on spatial variables as
well. Therefore, it is instructive to compute the
THz field as it would appear in the detection area
between the two electrodes. The four parabolic
mirrors are essentially forming two consecutive 4f
systems. Thus, an image of the THz source is
produced. The resulting evolution of the THz flu-
ence versus the propagation distance is shown in
Fig. 4(a). Here, the 50% transmittance of the sil-
icon wafer is taken into account. For convenience,
the position of the image of the geometrical focus
of the laser pump is set to z = 0, which makes it
easier to compare with Fig. 3. The highest THz
fluency (and intensity) in the detection area, as
shown in Fig. 4(a), is obtained at z = −2.5 mm.
This corresponds to the position of maximum THz
generation in the source area, cf. Figs. 2 and 3.
As already mentioned, in order to perform ABCD
measurements it is crucial to have a good overlap
between THz and IR probe pulse. In the experi-
ments, the probe pulse focus position is adjusted
such that the ABCD signal is maximized. It is



Springer Nature 2021 LATEX template

Article Title 7

Fig. 3 THz source: (a) THz fluency (ν < 90 THz) in the source area as a function of the propagation distance. The position
of the geometrical focus of the pump laser is denoted with z = 0. (b) Transverse integrated THz spectrum at z = −1 mm,
that is, at the end of the zone of THz generation [same as the blue curve in Fig. 2(b), but in linear scale].

Fig. 4 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)
Spectrum from a simulated ABCD method involving a 30 fs probe pulse focused to 15 µm waist at z = −2.5 mm (see text).
The experimental spectrum taken at a relative humidity below 5% inside the enclosure is shown as red dotted line.

therefore reasonable to assume that the IR probe
pulse is focused at the THz fluency maximum at
z = −2.5 mm. The probe pulse focal FWHM spot
size can be estimated to be less than 20 µm, that
is, much smaller than the THz spot-size. Thus,
only a small fraction of the THz field, close to
the optical axis, actually contributes to the detec-
tion process. To account for this spatial overlap
we modify the integral in Eq. (9) to

STHz(τ) ∝
∫
I2
ω(t− τ, x, y)ETHz(t, x, y)dtdxdy ,

where we assume that the THz signal STHz mainly
originates from near the probe focal plane and
thus ignore integration along z. Because the THz
spot size is strongly frequency dependent, this
leads to suppression of lower THz frequencies in
the ABCD scheme. A similar effect was reported
for THz detection via electro-optical sampling
in [48]. Besides, parts of the low frequency field
may not be collected by the parabolic mirror
because beam divergence increases with decreas-
ing frequency. This suppression of THz frequencies

below 10 THz can be clearly seen in the simulated
ABCD signal shown in Fig. 4(b), in particular
when it is compared to the spectral energy density
emitted by the source in Fig. 3(b).

The simulated ABCD spectrum is in excellent
agreement with the experimental spectrum shown
as a red dotted line in Fig. 4(b), obtained by tak-
ing the Fourier transform of the measured time
dependent THz signal. The experimental spec-
trum exhibits a smooth profile extending from
1 THz to 30 THz, slightly narrower than the
simulated one. We attribute this discrepancy to
uncertainties in the laser pulse (probe) duration.
Even at this humidity level, water absorption lines
can still be seen between 5 THz and 10 THz [49].
For this measurement, we used an average over 5
laser shots for each data point, which results in an
acquisition time of about 10 minutes.

Before presenting THz-TDS results obtained
with the platform it is worth to shed light on
the impact of the pump configuration on both
THz spectra and measured ABCD signals. To this
end, we performed several simulations employing
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simplified synthetic two-color pump pulses as ini-
tial datum for the UPPE simulations starting at
z = −5 mm as already mentioned above. The
synthetic pump pulses neglect any previous prop-
agation effects in the optical setup (except linear
focusing), and the SH pulse profile is just propor-
tional to the square of the FH pulse profile. We
only allow two control parameters which turned
out to have crucial impact on the THz genera-
tion, namely, the temporal separation between SH
and FH pulse τ and phase-angle φ between SH
and FH carrier wave. From the original pump field
computed by the aforementioned pre-processor we
extracted τ ≈ 25 fs and φ ≈ π/2 as closest match
for the synthetic pump field at z = −5 mm (see
also pump snapshots shown in Fig. 2). The result-
ing THz spectrum in the source area is shown as
the black dashed line in Fig. 5(a). Obviously, the
THz spectral shape is not very different compared
to the original one (solid blue line), but the yield is
reduced by roughly a factor five. We checked that
this difference in the THz yield is due to a slightly
larger SH pulse duration and thus a better overlap
for the original pump configuration. The similar-
ity of the spectral shape however comes from the
matching of the phase angle φ. The same synthetic
pulse but with a phase angle φ = 0 produces a
quite distinct spectrum, as can be inferred from
the black dotted line in Fig. 5(a). By contrast,
removing the temporal separation by setting τ = 0
increases the THz yield by more than one order
of magnitude and enlarges the spectral extend
(black dashed-dotted line), underlining once more
the importance of this parameter. Other features
of the original pump profile, like deviation from
linear polarization and slight spatial misalignment
can be seen in the THz field profiles (not shown)
but are of minor influence on the THz yield and
spectral energy density.

Finally, it is worth checking if the above mod-
ifications of the THz spectra would be detectable
by the ABCD scheme on our platform. Figure 5(b)
shows the resulting simulated signals for our 30 fs
probe pulse. Color codings are the same as in
Fig. 5(a). As we have already seen above, the high
frequency part > 30 THz is completely lost, so
that the spectral shapes of all curves become very
similar. Some variations due to changes in the
phase angle survive, however, they are not very
significant. Merely the significant differences in the

0 10 20 30 40 50 60 70 80 90

Frequency [THz]

10−3

10−2

10−1

100

101

A
B

C
D

T
H

z
S

ig
n

a
l

[a
rb

.u
.] (b)

30 fs Probe Pulse focused @ z = −2.5 mm to w0 = 15 µm

full pre-processor

τ = 0 fs, φ = π
2 @ z = −5 mm

τ = 25 fs, φ = π
2 @ z = −5 mm

τ = 25 fs, φ = 0 @ z = −5 mm

0 10 20 30 40 50 60 70 80 90

Frequency [THz]

10−3

10−2

10−1

100

101

S
p

ec
tr

a
l

E
n

er
g

y
D

en
si

ty
[a

rb
.u

.]

(a)

THz spectra after the plasma in the source area

Fig. 5 Impact of pump distortions on the THz spectra
in (a) the source area and (b) on the ABCD signal. The
blue lines show the spectra as reported in Fig. 3(b) and
Fig. 4(b) but in logarithmic scale, respectively. The black
lines show what happens when the pump pulse at z = −5
mm is replaced by a synthetic two-color pulse with delay τ
and phase-angle φ as indicated in the legend (see text for
details).

THz yield are clearly visible in the ABCD THz sig-
nal, as expected. Using significantly shorter probe
pulses than the 30 fs employed in our setup would
render the ABCD method capable of detecting
those shape differences.

4 Time-domain spectroscopy

The THz platform allows to perform THz-TDS
by placing a sample at the intermediate focus in
the THz beam path. To demonstrate this capabil-
ity of the improved setup, we use D-phenylalanine
and thymine samples. Crystalline powders were
obtained from Sigma-Aldrich, with purities of 98%
and 99%, respectively. Our samples have been pre-
pared by deposition of the molecules on small
pieces of silicon wafer (∼1 cm2). This deposition
was performed by sublimating some powder under
vacuum, while maintaining the temperature below
the melting point.

For those measurements, the temporal step-
size in the ABCD is reduced to 2 fs to improve
the resolution of the signal in temporal domain,
thus expanding the spectral span to 250 THz, and
the averaging is performed over 10 laser shots per
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Fig. 6 (a) Temporal profile of the THz electric field with
a sample of D-phenylalanine deposited on a silicon wafer
(blue curve) and without deposition on the silicon wafer
as reference (red curve). Both spectra are normalized to
the reference spectrum peak value. (b) Retrieved intensity
spectra with the same color code.

data point. To keep the acquisition time below
30 minutes the temporal span is reduced to 5 ps,
which increases the spectral step-size to 0.2 THz.
Figure 6(a) shows the resulting temporal pro-
file of the THz electric field for D-phenylalanine,
together with a reference measurement of a clean
piece of silicon wafer. The strong modification of
the THz pulse by the propagation through the
deposited D-phenylalanine is clearly visible. The
most noticeable change is the (small) delay of the
main pulse caused by the different group velocity
inside the sample. Furthermore, a stretching of the
signal induced by absorption and dispersion in the
sample leads to an oscillation like pattern, as can
be seen between 0.1 and 0.6 ps. Once transformed
to the spectral domain, those temporal modifica-
tions result in absorption bands between 5 THz
and 30 THz, see Fig. 6(b). As in the reference mea-
surement shown in Fig. 4(b), the relative humidity
was kept below 5%, nevertheless, spectral lines
attributed to water can still be observed below
10 THz. The absorption line at 18 THz appears
due to a phonon overtone in the silicon wafer [31].

To distinguish the absorption lines induced
by the molecular samples from the ones coming
from environment and substrate, we normalize
the transmission spectra by dividing the measured
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Fig. 7 Reconstructed transmission spectrum with (a) D-
phenylalanine and (b) thymine samples. The blue lines
correspond to the spectra measured by THz-TDS and the
red ones to measurements done with a FTIR spectrometer.
The vertical dashed lines are a guide for the eye indicating
the main line positions.

sample spectrum by the above mentioned refer-
ence spectrum of a clean piece of silicon wafer. The
reconstructed transmission spectra obtained for
D-phenylalanine and thymine samples are shown
in Fig. 7(a) and (b) respectively. We can notice
that the small amplitudes lines attributed to water
vapor absorption below 10 THz and the absorp-
tion line at 18 THz, visible in Fig 6(b), do not
appear anymore. Here we will only discuss the
lines below 30 THz, above this frequency the
measured absorption spectra drop to the noise
level, as can be seen on Fig. 6(b). We compare
the measured transmission spectra with measure-
ments taken with a Fourier Transform Infra-Red
(FTIR) spectrometer (Bruker Invenio) of the same
samples in the overlapping spectral region above
10 THz. We notice that the main line positions,
indicated by the dashed vertical lines on Fig 7,
agree very well with the FTIR measurement for
both molecular samples. Deviations are well below
the spectral resolution of the THz measurements
(0.2 THz). The THz measurements give moreover
access to frequencies below 10 THz, as can be
observed in Fig. 7(a) around 6 THz.
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5 Conclusion

In this paper, we have presented a detailed charac-
terization of an air photonics based terahertz plat-
form and its ability to perform absorption spec-
troscopy in bio-relevant molecular samples. The
whole platform, including the detection scheme,
was carefully benchmarked against comprehensive
numerical simulations. This confrontation of the-
oretical results and measurements performed on
our setup revealed that it is important to take
into account pulse and beam shaping effects in
the setup even before the plasma for THz gen-
eration is formed. In particular, walk-off effects
in the SHG process as well as along the full
beam path (e.g., waveplate and two-color propa-
gation in air) turned out to be crucial, because
they alter the spatio-temporal overlap of the two
pump colors in the plasma significantly. More-
over, we showed that the THz spectra retrieved
by ABCD measurements are strongly dependent
on the probe characteristics, namely its spatial
and temporal extends. While the latter determines
the high-frequency cut-off of the measurable THz
spectrum, the former one sets a limit on the low
frequency part.

With the upgraded precision of the acquisition
electronics, we report a signal to noise ratio of
above 300 and a dynamic range of 104, in the tem-
poral domain, which makes our platform suitable
for THz time-domain spectroscopy. We demon-
strate this capability by measuring transmission
spectra of D-phenylalanine and Thymine samples.
Because of its simple layout, other types of appli-
cations employing THz pulses as pump or probe
such as THz streaking [50], molecular orientation
[51] or nonlinear spectroscopy [52] are possible.
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