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ABSTRACT

Femtosecond laser-based terahertz (THz) sources have gained attention for their potential in various applications. As for any electromagnetic
radiation, the wave polarization is a critical parameter, which needs to be under control in a wide class of those applications. However, char-
acterizing the polarization of broadband THz pulses remains challenging due to their limited efficient optics. THz air-biased coherent detec-
tion has emerged as a promising candidate. The technique employed is heterodyne detection, utilizing second-harmonic generation induced
by THz radiation in laser-induced air plasmas. This approach provides exceptional spectral bandwidth and an unbounded power detection
limit, rendering it highly suitable for ultra-broadband and high-power THz sources. It enables a very efficient polarization measurement too.
However, recent findings have revealed that the laser-induced air plasma generated in this technique can exhibit birefringence, which in turn
adds systematic errors to the polarization-state determination. In this Letter, we propose a simplified approach that utilizes a weak probe beam
and avoids high-voltage DC bias-fields. Unlike the terahertz (THz) air-biased coherent detection scheme, our approach yields a unipolar, intensity-
proportional signal for second-harmonic generation. The experimental results reported in this Letter show the absence of induced birefringence in air
and, hence, demonstrate accurate measurements of the polarization state of ultra-broadband THz pulses. Therefore, our technique may provide valu-
able results in applications where the polarization state, and not the full electric field waveform, is required for analysis or characterization. Finally, we
discuss a possible application of our method to the emergent field of THz singular optics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0162035

THz has garnered significant interest following the develop-
ment of femtosecond laser-based THz sources, enabling the avail-
ability of table-top THz sources for numerous scientific and
technological applications.1,2 Among various methods of THz gen-
eration, considerable attention has been given to the generation via
two-color mixing in plasma, primarily due to the high intensity and
broadband spectrum of THz radiation emitted from this plasma.3–6

One notable advantage of this technique is the ability to employ the
full power of an intense pump laser, without encountering a thermal
damage threshold.7,8

However, the utilization of broadband pulses in such scenarios
presents several challenges, particularly when comprehensive charac-
terization of the optical properties, such as the polarization, of these
pulses is required. This difficulty arises from the scarcity of efficient
and truly broadband optics in the THz range. Conversely, numerous

applications necessitate the precise measurement of the polarization
state of these broadband THz pulses.9–12

The conventional method for measuring the polarization of THz
waves involves the use of solid-state detectors such as electro-optical
crystals and photoconductive antennas. In this approach, the time-
resolved polarization is reconstructed by measuring THz waveforms
along two orthogonal directions while rotating wire-grid polarizers or
polarization-sensitive detectors. However, this technique has limita-
tions in terms of the detection bandwidth and maximum intensity,
which makes it incompatible with ultra-broadband and high-power
THz sources.

To address these limitations, THz air-biased coherent detection
(ABCD) emerges as a promising detection technique for these novel
THz sources. ABCD offers superior bandwidth and frequency resolu-
tion, making it well-suited for ultra-broadband and high-power THz
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sources.13,14 This technique provides, in addition, the capability for
efficient polarization measurement.

ABCD operates as a heterodyne detection technique based on a
third-order nonlinear process.13 It utilizes a modulated DC bias elec-
tric field at the focal points of the fundamental wave (FW) to induce a
second-harmonic signal, which serves as the local oscillator for coher-
ent detection of the second-harmonic signal induced by the THz field.
To optimize the dynamic range of the THz ABCD system, it is cus-
tomary to generate a weak plasma by employing intense probe beams.

The fundamental mechanism of ABCD is elucidated through the
theory of four-wave mixing. The intensity of the detected second-
harmonic (SH) signal can be expressed using the following formula:

I2x / ETHz
2x þ EDC

2x

! "2

/ v 3ð ÞIx
! "2

ITHz þ v 3ð ÞIx
! "2

EDCj j2 þ v 3ð ÞIx
! "2

ETHzEDC: (1)

In this equation, ETHz
2x represents the SH induced by the THz electric-

field, ETHz , while EDC
2x represents the SH optical field induced by the

electric-field amplitude of the DC bias, EDC . Additionally, Ix is the
intensity of the FW, and vð3Þ is the third-order susceptibility driving
the four-wave mixing process. ITHz denotes the intensity of the THz
wave, which contributes to the “unipolar” first term in Eq. (1). This
term does not carry information about the phase of the THz wave and
is canceled out by the heterodyne process when using the ABCD
method. By measuring I2x with positive and negative DC bias and tak-
ing the difference between the two measurements, it is possible to can-
cel the first two terms and, thus, single out the last term in Eq. (1).
This allows for the extraction of the THz waveform.

By measuring the latter waveform along two orthogonal direc-
tions, any elliptical polarization of the THz pulse may be obtained.
Based on Eq. (1), this reconstruction can be achieved simply by rotat-
ing the detector, which corresponds to rotating the orientations of the
fundamental wave (FW) and DC bias along two orthogonal directions.
Recently, a study introduced a technique that utilizes a quad-electrode
ABCD system to detect THz waves with arbitrary polarization,
enabling the simultaneous acquisition of the THz orthogonal
component.15

However, recent findings have demonstrated that under these
circumstances, the plasma can exhibit birefringence, causing a modifi-
cation in the polarization state of the FW used as the probe beam.16

Consequently, the measurement of the THz wave’s polarization state
is affected by systematic errors, particularly when the polarization of
the FW closely aligns with the analyzer direction and is orthogonal to
the polarization of the THz wave.

In this Letter, we propose a simplified scheme that exploits the
first term of Eq. (1), i.e., the unipolar component, and avoids, hence,
the use of intense probe-beams and high-voltage DC bias-fields.
Therefore, we name our technique terahertz unipolar polarimetry
(TUP). Our demonstration establishes that there is no deviation from
the theoretical prediction at any angle of the fundamental wave, in
contrast to the observations made by Zhang et al.16 This observation
highlights the complete absence of induced birefringence effects in the
air that could potentially compromise the accurate reconstruction of
the THz wave polarization in our method.

We wish to highlight a crucial element of our proposed tech-
nique: although our method does not enable the tracking of transverse

electric-field components throughout the pulse duration, as accom-
plished by the ABCD method, it does allow the detection of any arbi-
trary polarization state of a THz pulse. This particular information
suffices for applications like THz dichroism experiments.9 In such sce-
narios, our approach can provide precise results without the need for
high-voltage DC bias-fields or introducing systematic errors that arise
from induced birefringence effects.

It should be noted that vð3Þ is not a simple constant, but rather a
four-index tensor with 21 nonzero elements, denoted as vijlm. This
adds complexity to Eq. (1) for the SH optical field, which appears in
the absence of a DC bias-field,

E2x
i / vijlmE

THz
j Ex

l E
x
m; (2)

where Ex
l is the FW field. In the latter equation, the Einstein rule on

repeated indices is applied.
The third-order susceptibility of an isotropic media, such as air,

has only three independent elements, as shown in Table I. We assume
that these elements are real, i.e., the frequency of both the FW and its
second-harmonic is far from resonances. Furthermore, these elements
satisfy the following equation:17

v4 $ vxxxx ¼ vyyyy ¼ vzzzz ¼ vxxyy þ vyxyx þ vyxxy: (3)

Since air is an isotropic medium, we can choose the reference system
arbitrary. In Fig. 1, we set the ẑ axis parallel to the beam propagation
and the x̂ axis parallel to the axis of the polarizer used to analyze the
polarization state of the second-harmonic beam. The FW polarization
forms an angle with the x̂-axis equal to a, while we consider a THz
beam with an arbitrary linear polarization forming an angle of c with
the x̂-axis.

In the supplementary material, we report the details of the calcu-
lation that lead to the following expressions for the components of the
generated second-harmonic field:

E2x
x ¼ AIx v2þ v3ð Þ va cos

2aETHz
x þ vb sin

2aETHz
x þ sinacosaETHz

y

h i
;

(4)

E2x
y ¼ AIx v2þ v3ð Þ vb cos

2aETHz
y þ va sin

2aETHz
y þ sinacosaETHz

x

h i
;

(5)

where A is a proportionality constant common to both components;
va ¼ v4= v2 þ v3ð Þ and vb ¼ v1= v2 þ v3ð Þ.

While the x-component can be measured directly, for analyzing
the y-component we need to insert a half-waveplate that projects the
latter on the polarizer axis. For general purposes, we assume that the
optical axis of this waveplate forms an angle of b=2 with the x̂-axis.

TABLE I. Form of the third-order susceptibility tensor in air. Note the new symbols
v1, v2, and v3 introduced to simplify notation.

Isotropic medium: 21 elements; 3 independent

v1 $ vyyzz ¼ vzzyy ¼ vzzxx ¼ vxxzz ¼ vxxyy ¼ vyyxx
v2 $ vyzyz ¼ vzyzy ¼ vzxzx ¼ vxzxz ¼ vxyxy ¼ vyxyx
v3 $ vyzzy ¼ vzyyz ¼ vzxxz ¼ vxzzx ¼ vxyyx ¼ vyxxy
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Then the second-harmonic optical field transmitted behind the polar-
izer is given by

E2x a;bð Þ ¼ cos bE2x
x þ sinbE2x

y ; (6)

and the intensity measured by the detector is then I2x a;bð Þ
¼ K E2xða;bÞ

## ##2.
As we will show in the following, the knowledge of the ratios va

and vb allows us to use Eqs. (4) and (5) to measure any arbitrary polar-
ization of the THz pulse. The experimental determination of these
ratios can be achieved with high accuracy by scanning the second-
harmonic signal at a given angle c while varying the angles a and b.
To this aim, we utilize the experimental setup depicted in Fig. 1.
Broadband THz pulses are generated through a four-wave mixing pro-
cess driven by a plasma created in air by focusing a FW beam and its
SH. The FW beam is delivered by a regeneratively amplified femtosec-
ond laser system (Coherent Legend). A small part of the FW beam is
used as probe-beam for detecting the THz pulse. The laser generates
pulses with a central wavelength of around 800nm, a pulse duration
of approximately 35 fs, an output power of approximately 3.7W, and
a repetition rate of 1 kHz. A more detailed description of our THz
source can be found in the supplementary material of our former pub-
lication.18 The THz beam is focused by the parabolic mirror, and its
polarization is set in the x direction (c ¼ 0Þ by a wire grid polarizer
from TYDEX.19 This polarizer is constructed on a polypropylene sub-
strate, which naturally restricts the initial bandwidth of the THz pulse
to the 0.15–20THz range. The focused probe beam passes through the
hole of an off-axis parabolic mirror so to propagate collinearly with
the THz beam. The generated SH encounters a low-pass filter that
rejects most of the fundamental probe beam. Then the SH polarization
is analyzed by a combination of a half wave plate and a polarizing
beam splitter (PBS). The selected component is further filtered by a
monochromator and finally detected by a photomultiplier tube
(PMT).

Figure 2 displays an example of the SH signal along with the
measured THz pulse using the ABCD technique (black line). For the
latter, a DC bias of 10 kV/cm, modulated at a frequency of 500Hz, is

applied as a local oscillator at the focus of the probe beam. The inset of
Fig. 2 showcases the power spectrum of the THz pulse. It is important
to mention that the spectrum is constrained by the polarizer employed
to optimize the polarization of our THz pulses and not by the genera-
tion method itself. Taking into account the pulse duration of the fun-
damental beam and the four-wave mixing process, the maximum
extent of the THz pulse spectrum is approximately 40THz. These val-
ues are commonly observed in experimental settings as well.20 It is
important to mention that the wire-grid polarizer serves the purpose
of precise calibration of the technique but is not used during the polar-
ization measurement. As a result, our technique possesses an almost
boundless bandwidth in principle. Despite the present limitation of
our experiment, it is noteworthy that the bandwidth of our pulse sig-
nificantly exceeds that of the work by Zhang et al.16 The red curve in
Fig. 2 represents instead the unipolar SH (TUP) signal obtained by
switching off the DC bias-voltage. For all subsequent measurements,
the delay between the THz pulse and the probe beam is adjusted to
coincide with the peak of the unipolar second-harmonic signal. We
note that the signal-to-noise ratios of ABCD and TUP are different,
which can be explained by means of Eq. (1). The ratio between the
TUP and ABCD signals is ETHz=EDC . Since ETHz is more than ten
times larger than EDC in the experiment, the TUP signal exhibits a bet-
ter signal-to-noise ratio than the ABCD signal. Additionally, we
observe that the pulse duration of the TUP signal is shorter than that
of the ABCD. The strongest THz electric field, compared with the DC
field, is capable of detecting broader spectrum tails, leading to a shorter
signal duration. We also point out that there is a limitation in the max-
imum DC electric field one can apply. A DC electric field of around
30 kV/cm can ionize the air. Thus, the difference between the TUP
and ABCD signals becomes more evident when the THz field higher
than 100 kV/cm is measured.

First, we determine the ratios va and (v4 þ v1Þ/(v2 þ v3) by
measuring I2xða; 0Þ and I2xðp=4; bÞ. In the case I2xða; 0Þ, only two

FIG. 1. Experimental scheme of the apparatus. FW and THz beams are collinearly
focused on the same point, respectively, by a lens and a hole-drilled off-axis para-
bolic mirror. SH is analyzed by a combination of the half-waveplate and polarizing
beam splitter (PBS) with the axis parallel to the x̂ axis. A monochromator (MC) fur-
ther rejects spurious signals, and a photomultiplier tube (PMT) measures the SH
intensity. Lower right inset shows the geometry of the different polarizations and
half-waveplate axis: FW (red); THz wave (purple); half-wave plate axis (dotted
black). FIG. 2. Main panel: the THz pulse as measured by means of the ABCD technique

(black curve) and the unipolar SH signal (TUP) obtained when the local oscillator
provided by the bias DC field is switched off (red curve). Inset: the power spectrum
of the THz pulse (FFT power spectrum of the ABCD waveform), showing that there
is a significant signal up to 15 THz.
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adjustable parameters are involved: an overall scale factor and the ratio
va. On the other hand, for the function I2xðp=4; bÞ, the adjustable
parameters consist of an overall scale factor and the ratio (v4 þ v1Þ/
(v2 þ v3). Detailed calculations regarding these measurements can be
found in the supplementary material.

Figure 3 presents the results of these measurements along
with the corresponding fits (depicted as solid lines). Remarkably,
the fits exhibit excellent agreement with the experimental data.
Notably, in panel (a), agreement holds true for any value of a,
thereby demonstrating a complete absence of induced birefrin-
gence in air.

The obtained values for the relevant adjustable parameters are
va ¼ 2:5360:08 and ðv4 þ v1Þ=ðv2 þ v3Þ ¼ 2:5460:09: Further

calculations yield v4= v2 þ v3ð Þ ¼ 1:8260:06 and v1= v2 þ v3ð Þ
¼ 0:7260:03: These results are consistent with Eq. (3) within the sta-
tistical errors.

Based on these results, we can fix all the adjustable fitting param-
eters for all the other angle combinations with the exception of an
overall scale factor. The results of these analyses are reported in Fig. 4,
where in panel (a), we display the measurement of I2x a;bð Þ at varying
a and b; while in panel (b), we show the results of the fitting procedure
explained above. Again, we highlight an excellent agreement between
experimental data and fitting curves. In Fig. S2 of the supplementary
material, we provide with other exemplary polar plots extracted from
Fig. 4 and analogous to those presented in Fig. 3.

Following the calibration process, we proceed to discuss the
application of the outlined methodology for determining almost any
arbitrary polarization of the THz pulse. Let us consider a THz pulse
with an arbitrary average polarization. According to the Jones formal-
ism, the THz optical field can be expressed as21

FIG. 3. The polar plots of I2xða; 0Þ and I2xðp=4; bÞ are reported as a function of a
and b in panels (a) and (b), respectively (open circles). The red and black solid
lines are the corresponding fitting curves, which allow a determination of the ratios
va and (v4 þ v1Þ/(v2 þ v3).

FIG. 4. In panel (a), the SH intensity I2xða; bÞ as a function of a and b at c ¼ 0
is reported. In panel (b), the corresponding theoretical results as calculated by
squaring Eq. (5) are displayed. The agreement is excellent for any pair of angles
a and b.
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ETHz
x

ETHz
y

" #

¼
a

b cos dþ i sin dð Þ

" #

: (7)

By substituting Eq. (7) into Eqs. (4) and (5), we obtain the following
results:

I2x a; 0ð Þ ¼ KA2I2x v2 þ v3ð Þ2b2
h

va cos
2aþ vb sin

2a
! "2

r2

þ sin2a cos 2a

þ 2r cos d sin a cos a va cos
2aþ vb sin

2a
! "i

; (8)

I2x a;p=2ð Þ ¼ KA2I2x v2 þ v3ð Þ2b2
h

vb cos
2aþ va sin

2a
! "2

þ r2 sin2 a cos2 a

þ 2r cos d sin a cos a vb cos
2aþ va sin

2a
! "i

; (9)

where r ¼ a=b.
Figure 5 illustrates that by measuring I2x a; 0ð Þ and I2x a; p=2ð Þ

and fitting the results with Eqs. (8) and (9), it is possible to distinguish
between different polarization states. It is important to note that, apart
from a common scaling factor, the only fitting parameters are r and d,
i.e., the polarization state parameters. In panel (b), the simulations rep-
resenting circular polarizations with opposite handedness, shown in
panel (a), are presented. For the sake of conciseness, the focus in the
figure is solely on the I2x a; 0ð Þ signal. However, to avoid ambiguities
in the polarization determination, it is always necessary to measure
both I2x a; 0ð Þ and I2x a;p=2ð Þ, as we will emphasize later and as
shown in Fig. S3 of the supplementary material. The results clearly
demonstrate that our method cannot distinguish the handedness. This
outcome was expected since we measured only the intensity, resulting
in a loss of information regarding the handedness sign. However, in
Sec. 2 of the supplementary material, we show that this information, if
needed, can be recovered by measuring the phase of the SH signal by
interference with a reference SH signal generated by a suitable non-
linear crystal.22 As shown in the supplementary material, this leads
only to a slight modification of the apparatus displayed in Fig. 1. Here,
to keep the main message straight, we focus only on the basic TUP
technique.

The other panels in Fig. 5 depict additional examples of polariza-
tions (linear and generic elliptical) and their corresponding TUP dia-
grams. Based on the previous observation, our discussion primarily
focuses on right-handed elliptical polarization. Panels (c) and (d) of
Fig. 5 demonstrate the clear differentiation between a linear polariza-
tion and an elliptical polarization with the major axis along the ŷ-axis,
as evidenced by the significantly distinct polar plots. Not shown in the
figure (for more exemplary plots, we remind to the supplementary
material), I2x a; p=2ð Þ exhibits identical polar plots for both these
polarization states. Due to symmetry, the situation is reversed in the
case of linear polarization and elliptical polarization with the major
axis oriented along the x̂-axis. Consequently, I2x a; 0ð Þ exhibits the
same graphs, while I2x a; p=2ð Þ behaves similarly to the graphs in
panel (d). This demonstrates that in order to reconstruct the polariza-
tion state without ambiguity, it is necessary to measure both I2x a; 0ð Þ
and I2x a;p=2ð Þ. Furthermore, a global fitting procedure on both sig-
nals always provides with a more accurate determination of the polari-
zation state. This becomes particularly important when the two graphs

start to closely resemble each other, as observed for linear and elliptical
polarizations with symmetry axes at angles other than 0& and 90& (see
Fig. S3 for an example).

Finally, in panels (e) and (f), we present a demonstration of the
application of TUP for measuring the polarization distribution of THz
vector beams. These beams exhibit varying spatial polarization and
intensity distributions, and their significance in future THz photonic
devices and applications is expected to increase over time, mirroring
the trend observed in the visible range.23,24 To measure these charac-
teristics by means of TUP, a straightforward approach involves scan-
ning the focus of the probe beam across the transverse plane of the
THz beam, where the size of the THz beam in the focus is significantly

FIG. 5. In panel (a), the two possible circular polarizations with the corresponding
values of d and a=b are reported: right-handed (blue solid line; d ¼ p=2) and left-
handed (red solid line; d ¼ 'p=2). The two circle diameters are slightly different
for clarity. In panel (b), the corresponding TUP diagrams for both polarizations are
reported. They are indistinguishable showing the impossibility of retrieving the
polarization handedness. In panel (c), an example of linear (red lines) and elliptical
(blue line) polarizations is shown. In panel (d), the corresponding TUP diagrams
are drawn. In panel (e), we display an example of the vector beam with a radial dis-
tribution of linear polarization. The TUP pattern that is obtained in this case is
shown in panel (f).
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larger than the probe beam’s waist. Figure 5(e) illustrates a vector
beam with a radial distribution of linear polarization, while Fig. 5(f)
presents the corresponding TUP diagram.

In the context of measuring vector beams, our method offers
notable benefits owing to its simplicity and speed. By avoiding the
need for complete waveform reconstruction, we achieve lower time-
resolution and hence shorter measurement durations. This becomes
especially crucial when working with polarization maps containing
numerous points, as time-efficiency becomes a critical consideration.

In this Letter, we have demonstrated a straightforward method
for measuring the arbitrary polarization state of broadband and high-
energy THz pulses. Our method offers several advantages. We utilize
low-intensity probe beams, ensuring measurements free from system-
atic errors caused by induced birefringence in air. Additionally, we
eliminate the need for applying DC bias voltages, which often compli-
cate experiments in non-trivial ways. In principle, our method can
detect the full bandwidth of the input pulse, and it is much more effi-
cient in terms of measurement time. We believe that the TUP tech-
nique is a valid alternative to present options and the unique choice
when dealing with broadband and high-energy THz pulses.

See the supplementary material for a detailed theoretical deriva-
tion to support all the equations reported in the main article.
Moreover, we provide with additional examples of polar plots, as the
ones reported in Fig. 3, for different values of the angles a and b. We
also display additional examples of polar plots for different polariza-
tion states, as the ones reported in Fig. 5. Finally, we describe a possible
improvement of our technique to recover the capability of determining
the polarization handendness.
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