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We have investigated the spatial distribution of the polarization state of a terahertz electromagnetic wave focused by an off-axis parabolic mirror
(OPM) in the focal plane. We employed polarization-resolved terahertz time-domain spectroscopy and found that a steep spatial variation in the
polarization state appears slightly distant from the focus when a linearly polarized terahertz wave is focused. The spatial variation includes an
abrupt change in the polarization state (states change between circular and linear polarizations) within a wavelength. The observed phenomena
are confirmed by numerical calculations and are shown to be intrinsic to the reflection from the OPM.

© 2016 The Japan Society of Applied Physics

A
n intense and single-cycle terahertz electric field
(E-field) can dramatically change or coherently
control the electronic and magnetic properties of

materials; this phenomenon has been the subject of extensive
research in the optics and photonics communities for decades.
There are many reports on various nonlinear optical processes
in ferroelectric materials,1,2) semiconductors,3–10) metals,11)

and superconductors12) due to the intense terahertz pulse
irradiation. In addition, control of the spin dynamics through
a direct interaction between the spins and magnetic field
components of the intense terahertz pulse13–17) and through
an electric-dipole active spin excitation in multiferroics
has been achieved.18) The analysis of the spin precession
dynamics can be described by solving the Landau–Lifshitz–
Gilbert equation,14,18) including the temporal variation in
the terahertz electromagnetic vector. A precise knowledge
of the polarization states of the applied terahertz pulse, i.e.,
a time evolution of the E-field vector focused on the sample,
is thus required. Knowledge of the polarization states is
also required for performing ellipsometry with polarization-
resolved terahertz time-domain spectroscopy systems,19–22) as
well as for terahertz polarization imaging applications.23–25)

An off-axis parabolic mirror (OPM) is often used in the
foregoing experiments. The OPM is useful for collecting
every frequency component of the terahertz pulse in the
unique focus because of the absence of chromatic aberration.
As a result, a single-cycle terahertz pulse with a large E-field
amplitude, exceeding 1MV=cm, has been realized by a table-
top regenerative amplifier system.26) The spatial resolution of
terahertz time-domain spectroscopy is also increased with the
use of an OPM with a large numerical aperture. However,
there have been few studies on the polarization properties
of a focused terahertz pulse using the OPM. Polarization
rotation of the focused terahertz pulse has been occasionally
observed,22) but it has been considered to originate owing
to the misalignment of the OPM. Recently, we reported the
observation of the intrinsic polarization modulation of a
terahertz electromagnetic wave focused by the OPM.27)

In this paper, the discussion concentrated on the area near
the focus, and the amount of the polarization modulation was
not so large in this area.

In this letter, we report on the polarization state variation
in the terahertz wave focused by the OPM in a wider area of

the focal plane. When a linearly polarized terahertz wave is
focused, the polarization state substantially deviates from its
original state at positions slightly distant from the focus. In
particular, a steep spatial variation in the polarization state is
observed on a line perpendicular to the symmetric axis of the
OPM, traversing the focus; the polarization state changes
abruptly between circular and linear polarizations within
a single wavelength. We confirmed the result by numerical
calculations; the observed result is not caused by misalign-
ment of the OPM, but it is due to the phenomenon being
intrinsic to the reflection from the OPM.

Figure 1 shows a schematic of the experimental setup. We
used a titanium-sapphire regenerative amplified laser system
(Clark-MXR CPA-2010) as the light source to generate and
detect terahertz pulses using the conventional terahertz time-
domain spectroscopy setup. For terahertz pulse generation,
we used optical rectification in a LiNbO3 crystal through the
tilted-pump-pulse-front method.28) The emitted terahertz
pulse is collimated using two OPMs (not shown in Fig. 1).
Then it passes through a half-wave plate for the wavelength
of 496 µm and a wire-grid polarizer to realize a terahertz
pulse linearly polarized along either the Y- or X-axis. The

Fig. 1. Schematic of the experimental setup. The terahertz pulse arrives
from the left-hand side of the figure. THz λ=2: half-wave plate for the
wavelength of 496 µm; WGP: wire-grid polarizer; OPM: off-axis parabolic
mirror with a diameter of 50.8mm and effective focal length of 50.8mm;
λ=4: quarter-wave plate optimized at the wavelength of the near-infrared
range; Lens: biconvex lens (focal length = 50mm); and polarizer:
a Glan–Thompson prism. The XYZ and X AY AZ A systems are shown.
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pulse is then focused onto a 〈110〉-oriented zinc-telluride
(ZnTe) crystal by an OPM with an effective focal length of
50.8mm and a diameter of 50.8mm. The thickness of the
ZnTe crystal is 1mm. The symmetric axis of the OPM,
i.e., the symmetric axis of the paraboloid of which the OPM
forms part, is parallel to the X A-axes.

The spatial mapping of the focused terahertz E-field vector
on the crystal is realized by the spinning electro-optic sensor
method combined with a charge-coupled device (CCD)29,30)

as follows. We illuminated a probe pulse onto the ZnTe
crystal, which quickly rotated with a frequency of 94.7Hz.
The diameter of the probe pulse is approximately 5mm.
Polarization rotation of the probe pulse is induced by the
Pockels effect, which is caused by the terahertz E-field in
the ZnTe crystal. After passing through the ZnTe crystal, the
probe pulse passes through a quarter-wave plate and a Glan–
Thompson prism, and the amount of the polarization rotation
was monitored by the CCD. We analyzed the dependence
of the Pockels effect on the ZnTe crystal angle to retrieve
the E-field vector information. The time-domain information
was obtained by moving an optical delay line every 2 µm,
which corresponds to 13.3 fs time intervals, and the E-field
vector images were measured at 301 points. At each pixel,
we performed the Fourier transform on the X A and Y A com-
ponents of these 301 time-domain images into the frequency
domain and obtained the amplitude and phase. The measured
terahertz pulse ranges from approximately 0.25 to 1.0 THz.
For a specific frequency component, the time-domain E-field
vector spatial distribution is obtained by the inverse Fourier
transform. The spatial resolution of the system is determined
by the pixel size of the CCD, which is 62.5 µm.

Figure 2(a) shows the time-domain waveform of the 0.75
THz frequency component of the terahertz E-field at the
focus. The incident terahertz wave is linearly polarized along
the Y-axis. We plot the Y A component in Fig. 2(a), where
the Y A-axis is parallel to the Y-axis (see Fig. 1). We define
the focus by the position where the Y A component has the
maximum value. We define four characteristic times in the
time-domain waveform. The Y A component EY 0 takes the
maximum value at t = t1, minimum value at t = t3, and zero
at t = t2 and t4. Thus, t2, t3, and t4 are defined as the times

that are 1=4, 1=2, and 3=4 periods after t1, respectively.
Figures 2(b)–2(e) show the spatial mappings of the terahertz
E-field vector in the focal plane at the four characteristic
times. At t = t1 and t3, all the E-field vectors point in the
positive or negative Y A-direction. On the other hand, at t = t2
and t4, the E-field vector distributions show rotating struc-
tures in the counterclockwise or clockwise direction at the
vicinity of the focus, respectively.27) The rotational vector
distributions collapse at positions where the distance from the
focus is longer than the wavelength (0.4mm).

Next, we discuss the polarization state at each position in
the focal plane. Figures 3(a)–3(c) show the spatial distribu-
tions of EY 0 ðx0; y0; t1Þ, EX 0 ðx0; y0; t2Þ, and EY 0 ðx0; y0; t2Þ,
respectively, for 0.75 THz. EX 0 ðx0; y0; t1Þ is almost zero in
the entire focal plane. Note that we always consider the
polarization state at each position in the focal plane, and the
third argument always represents time. The E-field vector is
normalized by Emax ¼ EY 0 ð0; 0; t1Þ. In Fig. 3(a), we observed

(a)

(b) (c) (d) (e)

Fig. 2. (a) Time-domain waveform of the 0.75THz frequency component of the terahertz pulse at the focus. We plot the Y A component. (b)–(e): Spatial
mappings of the terahertz E-field vector in the focal plane at four different times: (b) t1 = −0.33 ps, (c) t2 = 0 ps, (d) t3 = 0.33 ps, and (e) t4 = 0.67 ps. For
clarity, the lengths of the arrows in (b) and (d) are reduced by a factor of 2=5 as compared to (c) and (e).

(a) (b)

(c) (d)

Fig. 3. Contour maps of experimental results of (a) EY 0 ðx 0; y 0; t1Þ,
(b) EX 0 ðx 0; y 0; t2Þ, (c) EY 0 ðx 0; y 0; t2Þ normalized by Emax, and (d) ellipticity
angle χ. The dashed curve in each image represents EY 0 ðx 0; y 0; t1Þ ¼ 0.
The black dotted circles indicate the position of EY 0 ðx 0; y 0; t1Þ ¼ 0 on the
Y A-axis, which is explained in the text.
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a rectangular beam profile, which may be explained by the
Fraunhofer diffraction pattern that is realized by the OPM
with a rectangular aperture, because the shape of the half-
wave plate is rectangular, and its size (20 × 20mm2) is
smaller than the size of the OPM. The beam profile is not
perfectly rectangular in the area where x0; y0 < 0; it is partly
reproduced by the numerical calculation as shown later. This
might be due to the asymmetric shape of the OPM as well as
the misalignment of the measurement system. In Figs. 3(b)
and 3(c), we observed a nonzero E-field in the focal plane,
although it is almost zero at the focus. In Fig. 3(b), the E-field
is almost zero along the X A-axis. On this axis, the terahertz
wave is linearly polarized along the Y A-axis, which is the
same as the initial polarization state before it is focused by
the OPM. However, EX 0 ðx0; y0; t2Þ ¼ 0 is not satisfied at most
positions in the focal plane. At these positions, the terahertz
wave is not linearly polarized in the Y A-direction, but the
E-field oscillating in the X A-direction mixes with that oscil-
lating in the Y A-direction with a different phase. Therefore, the
polarization state strongly depends on the position in the
focal plane; the polarization is elliptical at some positions.

More quantitatively, we discuss the ellipticity angle
χ (−45° ≤ χ ≤ 45°) at each position in the focal plane, where
linear and circular polarizations correspond to χ = 0° and
±45°, respectively, with the sign indicating the sense of
rotation. Figure 3(d) shows a contour plot image of the
spatial variation in χ. It is remarkable that the linear polari-
zation expressed by χ = 0° is realized only along the X A-axis
and around the indicated curve of EY 0 ðx0; y0; t1Þ ¼ 0. Even
at positions where χ = 0° holds, the terahertz wave is not
necessarily polarized along the Y A-axis. For example, it is
linearly polarized almost along the X A-axis at the position
indicated by the dotted circle in Fig. 3, where EY 0 ðx0; y0; tÞ is
always close to zero. Furthermore, there exist positions where
χ is almost ±45°, i.e.; the terahertz wave is almost circularly
polarized. Note that such points are very close to the
positions where χ = 0° holds. Therefore, linear and circular
polarizations are achieved at positions that are very close to
each other. We note that the peculiar spatial polarization
variation is also observed when we remove the half-wave
plate with a rectangular aperture; therefore, the result is not
due to the Fraunhofer diffraction.

The observed phenomena are intrinsic to the reflection
by the OPM. To show this, we confirmed our experimental
observations by the numerical calculations as performed in
Ref. 27. The E-field vector distribution is calculated by the
Stratton–Chu integral equation.31) The integrand contains
the surface current, and it is approximated by the physical
optics method.32) Considering that the half-wave plate has a
rectangular aperture, the OPM is supposed to be a rectangle
with a side of 20mm. The focus and the focal plane are
geometrically defined.27) The incident terahertz wave of 0.75
THz is linearly polarized along the Y-axis and propagates
along the −Z-direction. We assumed the beam profile to be
Gaussian with a full-width at a half maximum of 26.6mm to
reproduce the size of the observed beam profile in Fig. 3(a).

Figures 4(a)–4(c) show the spatial distributions of
EY 0 ðx0; y0; t1Þ, EX 0 ðx0; y0; t2Þ, and EY 0 ðx0; y0; t2Þ obtained by
the calculation. Again, EX 0 ðx0; y0; t1Þ is almost zero in the
entire focal plane. The calculation reproduces the character-
istics of EY 0 ðx0; y0; t1Þ and EX 0 ðx0; y0; t2Þ quite well; however,

the calculated EY 0 ðx0; y0; t2Þ differs from the value obtained
in the experiment. The discrepancy could be attributed to
the imperfect alignment of the optical components in the
experiment.

We would like to emphasize that the steep polarization
change in the focal plane is reproduced in the calculation.
Figure 4(d) shows the spatial distribution of the calculated
ellipticity angle χ. Linear polarization expressed by χ = 0°
is realized along the X A-axis and around the curve of
EY 0 ðx0; y0; t1Þ ¼ 0. The left-handed and right-handed circular
polarizations and the linear polarizations appear at very close
positions.

Finally, we summarize the results obtained in the experi-
ments and calculations. We discuss in particular the polar-
ization property along the Y A-axis, where we observed very
different behavior in the polarization state variation between
the positions jy0j ≲ � and jy0j ≳ �, where λ (0.4mm) is the
wavelength. Figure 5 shows the spatial variation in χ along
the Y A-axis. The disagreement between the experiments and
calculations at y A > 0.5mm is due to the misalignment. At the
focus ( y A = 0mm), the terahertz wave is linearly polarized
along the Y A-axis. χ increases as ∣y A∣ increases, owing to the
formation of the rotational distribution at t = t2 and near the
focus.27) For jy0j ≳ �, the rotational structure collapses and a

(a) (b)

(c) (d)

Fig. 4. Contour maps of numerical calculations of (a) EY 0 ðx 0; y 0; t1Þ,
(b) EX 0 ðx 0; y 0; t2Þ, (c) EY 0 ðx 0; y 0; t2Þ normalized by Emax, and (d) ellipticity
angle χ. The frequency is 0.75THz. The dashed curve in each image
represents EY 0 ðx 0; y 0; t1Þ ¼ 0.

Fig. 5. Ellipticity angle χ along the Y A-axis (x A = 0). Circles represent the
experimental result, and the curve represents a numerical calculation. The
wavelength is λ = 0.4mm. A steep polarization change occurs around the
indicated intervals.
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substantial polarization change is observed. In the area,
jEY 0 ð0; y0; t1Þj decreases rapidly compared to jEX 0 ð0; y0; t2Þj.
Therefore, at ∣y A∣ ≈ 1.05mm, jEY 0 ð0; y0; t1Þj ¼ jEX 0 ð0; y0; t2Þj
holds, and the terahertz E-field is circularly polarized.
At ∣y A∣ ≈ 1.12mm, EY 0 ð0; y0; t1Þ eventually becomes zero,
and the wave is linearly polarized and the ellipticity angle
becomes zero. Then, at ∣y A∣ ≈ 1.18mm, jEY 0 ð0; y0; t1Þj ¼
jEX 0 ð0; y0; t2Þj again holds, and the wave is circularly polar-
ized but with a different sense of rotation compared to that
at the adjacent positions (x A = 0mm and y A = ±1.05mm).
Finally, at ∣y A∣ ≈ 1.52mm, EX 0 ð0; y0; t2Þ becomes zero, and
the wave is linearly polarized along the Y A-axis. Note that
these substantial polarization changes are observed within
0.47mm on the Y A-axis, which is approximately a wavelength.

We also investigated the spatiotemporal E-field vector in
the focal plane when the terahertz wave linearly polarized
along the X-axis was focused by the OPM. Similar steep
spatial changes in the polarization state were observed.

The results stem from the spatiotemporal distribution of
the E-field vector in the focal plane. As we reported,27)

the distribution is intrinsic to the OPM and is independent of
the wavelength. The OPM used in the experiments is not
symmetric about the YZ plane, whereas it is symmetric about
the XZ plane. This asymmetry is an important factor of the
steep polarization variation in Fig. 3. We confirmed it by
performing a numerical calculation for an on-axis parabolic
mirror; the calculation did not show the variation.

Finally, we emphasize that our findings are not limited
to the terahertz frequency range. In short, the result is repro-
duced as far as the reflection by the OPM is possible; for
example, we numerically confirmed it for several wave-
lengths in the infrared and visible frequency ranges.

In conclusion, we observed various polarization states of
the terahertz wave focused by the OPM in the focal plane. In
particular, we observed an abrupt change in the polarization
states along the axis perpendicular to the symmetric axis of
the OPM; this phenomenon is inherent to the reflection by the
OPM. The amplitude of the terahertz wave that has such
peculiar polarization properties is approximately one tenth of
that at the focus, and it is not negligible. We confirmed the
experimental results by numerical calculations. The OPMs
are routinely used in THz-TDS and terahertz nonlinear optics
experiments, and our findings provide useful information
on these. For example, to perform the polarization-resolved
terahertz time-domain spectroscopy experiments, it is impor-
tant to set the sample exactly at the focus to prevent polari-
zation state changes caused by the OPM. Another interesting
example is the spin-state manipulation with different polar-
ization states of the incident terahertz pulse within a scale of
the wavelength. Thus, a precise knowledge of the polar-
ization states in the focal plane provides many interesting
possibilities for future polarization-resolved experiments.
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