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Detection of THz pulses by phase retardation in lithium tantalate
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Freely propagating THz pulses are recorded in a thin lithium tantalate crystal by monitoring the phase
retardation of a femtosecond probe pulse. This technique permits the determination of the temporal shape of
the THz pulse in the picosecond time domain and offers the exciting prospect of up-converting the spatial THz
beam profile into the optical wavelength range in real time, with potential application in diagnostics.

PACS number(s): 42.25.—p, 42.65.Re

In the last decade, the physics of short-pulse THz radia-
tion has become an active research field, with interest both in
fundamental aspects of generation and detection of THz ra-
diation and in spectroscopic applications [1]. Existing appli-
cations include time-domain spectroscopy of liquids, gases,
and semiconductor materials as well as transmission studies
(T-ray imaging) [2]. In these experiments a broadband, low-
power coherent THz emitter, driven by femtosecond (fs) la-
ser pulses is used at a high repetition rate. Radiation is then
emitted in short bursts containing frequencies from a few
GHz to several THz. These THz pulses are detected by an
optically gated photoconductive switch; frequently a radia-
tion damaged silicon-on-sapphire (SOS) stripline detector is
used [1].

With the advent of high-power fs lasers it has become
possible to generate THz pulses with high peak power. The
high peak power gives the opportunity to use the THz pulse
as a pump pulse, as opposed to a weak, noninteracting probe
[3-5]. High-power THz pulses are generated by illuminating
a large-aperture semiconductor emitter with a large external
bias field applied across the gap. The photocarriers produced
by the laser pulse are accelerated by the bias field, resulting
in a large transient surface current. An electromagnetic pulse
proportional to the time derivative of this current is radiated
[4,5]. Peak THz-field strengths up to 150 kV/cm (vacuum)
have been demonstrated, corresponding to pulse energies of
0.8 uJ [6].

Due to the low repetition rate of amplified high-power
laser systems, typically from 10 Hz to a few kHz, the noise
level limits the detection sensitivity for THz radiation com-
pared to the low-power, high repetition rate systems. A sen-
sitive method to detect high-power THz pulses employs a
Michelson interferometer, measuring the output energy with
a cooled bolometer while scanning one arm of the interfer-
ometer. With this method, it is possible to detect the temporal
shape of even very short pulses [7], limited by the thermal
noise of the bolometer. It is also possible to detect the pulses
in a gated photoconductive switch applied in low-power THz
experiments [4,5]. This detector can be operated at room
temperature, but operation at low repetition rate requires a
larger detection area, which in turn cuts off the detector re-
sponse at high frequencies.
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Here we describe and demonstrate a method for detecting
freely propagating THz pulses, based on the electro-optic
effect in lithium tantalate (LiTaO3). A change in the index of
refraction occurs in the crystal, when an electric field is ap-
plied to the crystal. With the proper orientation, it is possible
to obtain different index changes along the different axes in
the crystal, an effect well known in its application in a Pock-
el’s cell [8].

We show that it is possible to introduce a phase retarda-
tion between two propagation axes in a LiTaO; crystal by
exposing the crystal to a freely propagating THz pulse. The
induced phase retardation (PR) is probed by a weak laser
pulse. The phase retardation signal obtained by varying the
time delay between the THz pulse and the probe pulse cor-
responds closely to the time integral of the THz pulse shape.
In pioneering work in 1972, Auston and Glass used the
electro-optic effect to visualize the temporal shape of a pico-
second electrical pulse in a LiTaO5 rod [9]. In 1982, Vald-
manis et al. carried out similar studies in lithium niobate
[10]. Later, Auston and Nuss studied the optical properties of
LiTaO; in the THz range by generation of Cherenkov radia-
tion inside the crystal [11]. Common to these experiments is
that they characterize electrical pulses generated inside the
electro-optic medium. In our case an external THz pulse is
injected into the crystal.

We illustrate the basic physics of our phase retardation
experiment in Fig. 1. The uniaxial LiTaO 5 crystal is oriented
with the ordinary and extraordinary axes, with indices n, and
n,, respectively, in the plane of the crystal surface. The THz
beam and the probe beam propagate collinearly through the
crystal along the z direction (index n,). The polarization of
the THz beam is kept parallel to the extraordinary axis. The
probe beam is linearly polarized at 45° with respect to the
ordinary and extraordinary axes. Linearly polarized light be-
comes elliptically polarized due to the natural birefringence
of the crystal:

w
Ad’nat:?(ne_no)l" (1)

where w is the probe beam frequency and L is the length of
the crystal. In the presence of an electric field (the THz
field), an additional phase change, A¢ry,, will be intro-
duced between the two electrical field components of the
probe pulse,
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FIG. 1. Principle of the phase retardation detection technique.
Due to the difference in the refractive indices (~ factor 3) the probe
pulse sweeps across the electrical field profile of the THz pulse
inside the crystal. The total phase change experienced by the probe
beam is proportional to the shaded area of the THz pulse convolved
with the THz absorption profile. The length L is the crystal thick-
ness. The probe pulse and the THz pulse propagate collinear into
the crystal, in the z direction. The refractive indices in the directions
(x,y,z) are (n,,n,,n,), respectively.
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where r3 and r33 are components of the electro-optic tensor
for LiTaO 5 [8]. The integral over the electric field of the THz
beam accounts for a situation where the THz beam is attenu-
ated inside the crystal (coefficient «) and where the probe
pulse propagates much faster through the crystal than the
THz pulse (An=n,,,,,—nry,~ —4.35 [11]). Therefore the
probe pulse effectively sweeps over the portion of the THz
pulse that lies inside the crystal. Implicit in Eq. (2) is the
assumption that the duration of the probe pulse is much
shorter than that of the THz pulse, a condition fullfilled in
our experiment (140 fs vs 2 ps). The relative time delay
between the THz pulse and the probe pulse is represented by
the parameter 7. Converting the integration over length into
one over time, Eq. (2) can be rewriten as

1l w 3 3 ¢ T+ (AnLic)
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Xexp( —%(r—T})dr. 3)

If it is assumed that the attenuation coefficient, «, is fre-
quency independent, one can extract the temporal shape of
the THz pulse directly from the measured phase change
A ¢y, (T) by differentiating Eq. (3):

d ac
Eqrp,(T) ﬁAﬁbTHz(T)* EA¢THz(T)~ 4)

In Eq. (4) we use the fact that AnL/c (15 ps in our setup) is
long compared to the time duration of the THz pulse.
LiTaO 5 is known to strongly absorb at high frequencies [11]
due to a lattice resonance at 6.23 THz. However, the data in
[11] show that attenuation is small up to frequencies of ~1
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FIG. 2. Schematic illustration of the setup. Legend: BS—10%
beam splitter, BE-beam expander, LA chip—large aperture emitter
chip (1 cm), PM-off-axis paraboloidal mirrors, DL—delay line,
PR-polarization rotator, PP-polarizing prisms, TS-truncated,
spherical sapphire lens.

THz, leaving the second term on the right hand side of Eq.
(4) as a small correction at low frequencies.

To detect the small phase retardation from Eq. (3), the
electro-optic crystal is placed between a pair of crossed po-
larizers. The laser beam, which generates the THz pulses, is
chopped and the diode signal is monitored by lock-in tech-
niques. The output signal behind the second polarizer is cal-
culated to be proportional to A ¢y, [8]:

Viiode® A 1 SinA b0+ O(A Ty, - ), Q)

where O(A ¢2THZ~ --) are higher orders terms of A ¢y, .

Figure 2 presents a schematic drawing of the experimental
setup. The laser source is a Ti:sapphire oscillator, amplified
in a chirped pulse regenerative amplifier at a repetition rate
of 1 kHz (Clark MXR). We use only a small fraction of the
available pulse energy, since the THz signal emitted from the
large-aperture emitter saturates at incident energies of a few
pJ. The emitter consists of a wafer of high resistivity GaAs
(p>10" Q cm), with electrodes painted on the surface with
conducting silver paint, leaving an emitter area of 1 cm?.
The THz radiation is collimated by a pair of off-axis parabo-
loidal mirrors, which guide the THz radiation to the crystal.
The thickness of the crystal is 1 mm. A truncated, spherical
sapphire lens of 5 mm radius is attached directly to the crys-
tal to focus the THz radiation [12]. The full width at half
maximum of the THz beam field distribution at the crystal
surface is estimated to lie between 50 and 100 um [13]. A
lens is used to optimize the size of the probe beam with
respect to the THz beam inside the crystal.

Phase retardation signals in LiTaO ; were measured over a
range of peak electric field strengths. A typical phase retar-
dation signal obtained with a peak THz field strength of 2.4
kV/cm is shown in Fig. 3(a) as a function of the time delay
between the THz pulse and the probe pulse. The maximum
signal amplitude of 10 4V corresponds to a phase retardation
of Ad¢ry,=0.3°. Using the -electro-optic coefficients
ri3=8pm/V and r33=30pm/V, the refractive indices
n,=2.154 and n,=2.158 [14], and =0 Eq. (3) predicts a
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FIG. 3. (a) The phase retardation (PR) signal, as a function of
the time delay 7. The maximum signal of 10 uV corresponds to a
phase retardation of 0.3°. (b) The differentiated PR signal (filled
squares) is shown in comparison to the silicon-on-sapphire (SOS)
detector signal (open circles). The differentiated PR signal has been
smoothed, and the SOS signal has been normalized with respect to
the differentiated PR signal. The inset gives the THz peak emitted
field strength saturation as a function of the emitter bias field, as
measured by the two independent methods.

maximum PR of 0.5°, in overall agreement with our direct

measurement.
In Fig. 3(b), the derivative of the PR signal is shown,

together with the pulse shape measured directly with an
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SOS detector inserted in place of the LiTaO; crystal in
Fig. 2. For negligiable absorption the differentiated re-
tardation signal[first term on the right hand side of Eq. (4)]
should reveal the temporal distribution of the the THz field
strength. There is a good correspondence between the SOS
signal and the differentiated PR signal. The differentiated
signal has been smoothed, and the SOS signal has been
scaled to-the differentiated PR signal. The oscillations seen
in the direct and differentiated PR signal before and after the
main peak are reproducible, but their origin is not understood
at present.

The inset in Fig. 3(b) compares the normalized peak field
strengths obtained from the SOS detection and the differen-
tiated phase retardation signal, as functions of the applied
field strength to the emitter, in the range from 1.25 kV/cm to
10 kV/cm. Both curves show similar response to the emitter
bias field, indicative of the linear response of the PR detec-
tion technique.

We have described an alternative setup for the detection
of freely propagating THz pulses, and compared its perfor-
mance to that of the conventional SOS detector. At present,
the signal to noise (S/N) ratio is lower than that of the pho-
toconductive detection technique, but other geometries of the
polarizer section for the PR detection will improve the S/N
ratio. While the absorption of the high frequency compo-
nents of the THz pulse limits the analysis (though not the
detection) of the full frequency spectrum of the THz pulse, in
LiTaO,, other materials may emerge with broader frequency
response.

The PR detection demonstrated here may serve as the
basic principle to characterize the spatial profile of THz
beams. In such an experiment, one will use the fact that the
spatial beam profile of the focused THz beam inside the crys-
tal gives rise to a spatially dependent PR signal. Thus, the
transmitted optical probe beam inherently contains the spa-
tial information of the THz beam. Experiments to extract this
information are currently under way.
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FIG. 1. Principle of the phase retardation detection technique.
Due to the difference in the refractive indices ( = factor 3) the probe
pulse sweeps across the electrical field profile of the THz pulse
inside the crystal. The total phase change experienced by the probe
beam is proportional to the shaded area of the THz pulse convolved
with the THz absorption profile. The length L is the crystal thick-
ness. The probe pulse and the THz pulse propagate collinear into
the crystal, in the z direction. The refractive indices in the directions
(x,y,z) are (n,,n,,n,), respectively.
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FIG. 2. Schematic illustration of the setup. Legend: BS—10%
beam splitter, BE-beam expander, LA chip—large aperture emitter
chip (1 cm), PM-off-axis paraboloidal mirrors, DL—delay line,
PR-polarization rotator, PP-polarizing prisms, TS-truncated,
spherical sapphire lens.



