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Implementation of free-space quasi-phase-matched electro-optic detection is reported, based on
measuring the energy variation of a femtosecond laser pulse induced by a terahertz field.
Narrowband probe-energy type of detection is demonstrated using wide-aperture periodically poled
Mg: Y :LiNbOj crystals with as-grown domain gratings. Spectra of air plasma generation measured
by this method are compared with the spectrum measured by the conventional ZnTe-based
probe-phase ellipsometry scheme. Besides, the conventional method was performed for both types
of sources, for the air plasma generation, and for the quasi-phase-matched optical rectification in the
same periodically poled Mg:Y :LiNbOj; crystals. © 2010 American Institute of Physics.
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Terahertz (THz) range of the electromagnetic spectrum
is attractive owing to its promising applications in informa-
tion and communication technologies, biology, and medical
science, nondestructive evaluation, ultrafast computing, and
other fields. Among different approaches for compact table-
top THz sources, such as quantum cascade lasers,' classical
vacuum or solid-state electronic devices,2 optical methods
were leading during the past few decades.” Based on the
energy conversion from the visible and near-infrared ranges
to the THz gap, they are advantageous not only due to room-
temperature generation of coherent THz radiation, but also
due to a possibility of detection by time sampling.“_9 THz
pulses generated via femtosecond optical pumping can be
further sampled using inverse frequency-conversion pro-
cesses. In case of photoconductive antennas” and detectors
based on ionized gases,5 the gating optical radiation reso-
nantly excites the detector medium, thus the observed wave-
forms depend not only on the incident THz field, but also on
the frequency-dependent response of the medium. At present,
the third optical detection method, electro-optic (EO) sam-
pling by means of a transparent nonlinear crystal (usually,
ZnTe), is most generally accepted.6_8 Because the EO effect
is almost instantaneous on the THz time scale, it depicts the
temporal evolution of the THz field more precisely.

In the EO detection process, THz radiation together with
the radiation of a gating optical pulse is involved into the
sum- and difference-frequency conversion processes via
second-order nonlinear susceptibility x'? of the crystal.7
Usually the crystal length does not exceed the coherence
lengths corresponding to these processes. This way, the
phase matching between the optical and THz waves is satis-
fied within a broad part of the crystal transparency range8 but
the necessarily small crystal length limits the detection sen-
sitivity. However, broadband detection is not always re-
quired. In such fields as spectroscopy, matter identification,
security, and others, useful information may be contained in
a few narrow spectral bands. In these cases narrowband, tun-
able, and easy in implementation THz detectors are neces-
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sary. Below we develop an alternative EO sampling ap-
proach, aimed at the detection of only one or a limited
number of controllable frequencies within narrow spectral
bands. Since the detection frequency is predetermined in
this case, one can avoid large-scale scanning of the delay
time in some applications, such as matter identification, THz
sensing, imaging, and communication. Distinctive THz
capabilities of periodically poled (PP) crystals and other-type
quasi-phase-matched (QPM) structures have been already
demonstrated experimentally but only for the case of
generation.lo_13 It was shown that among other advantages
there are narrower bandwidths and a broader tuning range.
Afterwards, by analyzing the pump-probe results, it was
shown that simple in situ QPM THz detection could be ar-
ranged by measuring the THz-induced changes of the probe
beam using a single optical photodiode.mf16 However, waves
propagated outside the generator are not detected in this
scheme. Concerning free-space measurements, PP crystals
were used previously only for the detection of continuous-
wave MIR radiation.” In this paper, we report the method of
THz QPM probe-energy EO sampling. The use of as-grown
PP lithium niobate (PPLN) crystals enabled us to realize nar-
rowband detection. Besides, due to the high nonlinear effi-
ciency of long PPLN, we propose a simplified measurement
scheme which does not involve a complicated ellipsometry
setup.

Bulk PP Mg:Y:LiNbO; single crystals were grown
along the X axis using the Czochralsky technique from a
near-congruent melting composition with 1 wt % Y,O5 and 2
mol. % MgO. Doping by Y was used to form a PP structure
on the basis of rotation-induced growth striations directly
during the growth.17 Because of a different ratio between
pulling and rotation rates under the growth procedures, the
crystals had different periods of nonlinear gratings. The
samples were cut normally to the X axis and polished. Par-
allel to domain walls, the input and output surfaces of the
samples were about 1 X1 cm? with the total length about
4 mm.

The experimental setup is shown in Fig. 1. As a source
of THz waves we used radiation of air plasma induced by
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FIG. 1. Schematic of the experimental setup with two different detection
blocks.

80 fs 1.5 mJ pulses at mean wavelength 780 nm from a 1
kHz laser system “Spitfire.” The laser beam was divided in
two parts, the pump and the probe beams, with the intensity
ratio about 99:1. Further, the pump beam was chopped at 135
Hz and focused for THz generation in plasma. A 100 um
thick beta barium borate (BBO) crystal was placed in the
pump path to generate a second-harmonic pulse for pumping
the plasma together with the fundamental pump pulse and
thus increasing the THz generation efficiency. After the
plasma region, high-resistivity silicon window was used to
block the optical pulses, while transmitting all THz radiation
for detection. THz pulses were directed by parabolic mirrors
to the detection crystal. The THz propagation distance was
about 1 m. Varying the time delay between the THz and
probe pulses, we sampled the temporal waveform of the THz
pulse, the time delay being scanned with a step of 0.06ps.
As the first step, the THz radiation of air plasma as well
as the THz radiation generated via optical rectification (OR)
of the pump pulses in our PPLN crystals, were measured by
standard EO ellipsometry technique using a (110) ZnTe crys-
tal of 50 wm length, a A/4 plate and a Wollaston polarizer
P2 (Fig. 1, Detection block 2). In OR measurements, the
BBO crystal was replaced by a PP Mg:Y :LiNbO; crystal
and the focusing lens L1 was not used. THz spectra mea-
sured by this broadband probe-phase detection block are pre-
sented in Figs. 2(a)-2(c) for both types of generation. As the
second step, an alternative type of THz detection (further,
referred to as “probe-energy” EO sampling) was imple-
mented. The air plasma was a THz source. The probe beam
was also divided (Fig. 1, Detection block 1) in two parts by
a beam splitter BS (60:40). One part was spatially over-
lapped in the PPLN crystal with the THz pulse under detec-
tion. Its energy was measured after the crystal by a photodi-
ode DI1. The other part was directly sent to the second
photodiode D2. The probe and THz beams were polarized
along the Z-axis in PPLN crystals. A polarizer P1 in the
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second probe beam was used to balance the intensities of the
two probe beams in the absence of THz pulses. A lock-in
amplifier measured the residual difference signal of the two
photodiodes. Figures 2(d) and 2(e) show examples of the
amplitude Fourier transform spectra.

In EO sampling of both types, there are sum- and
difference-frequency generation processes between the com-
ponents of THz and optical probe pulses. As a result, the
amplitudes of the probe spectral components are changed by
some value AA,,(w), which depends on the amplitude of the
THz spectral component Apy,({2). The conventional EO de-
tection approach is usually aimed at the measurement of the
phase modulation of the probe field induced by the imagi-
nary part of AApr(w).7 It is performed using an ellipsometry
scheme. Nevertheless, the THz-induced change in the mod-
ule of the probe amplitude (and, hence, in the probe energy)
has a nonzero real part as well. Although this part decreases
with THz flrequency,16 the induced change in the probe pulse
energy can be detectable in case of high nonlinear efficiency
of the detection crystal. The Fourier transform AP({)) of the
time-domain transmittance change in the probe pulse energy
describes the spectrum of THz field complex amplitudes,
AP(Q) ~ fampi()A1y,(€2), and the spectral sensitivity func-
tion of this “probe-energy” type of EO detection is'®

fampl(Q) = LQT(Q) Cpr(Q) . (1 )

Here, T(Q)) is the crystal nonlinear transfer function
(“T-function”),>'® which shows the contribution of the effec-
tive second-order optical susceptibility distribution x'?(x)
over the crystal length L, T(Q2)=(1/L) f/Lz/z)((z)(x)eiAk(mxdx;
the wave mismatch is taken as Ak=kry,(Q)—/u,, where
k() is the complex wave vector of the THz component
and u,, is the optical group velocity. C,({}) stands for the
Fourier transform of the probe pulse intensity, C,({2)
=(1/2m)f|A,(1)|*e~¥dt. By taking into account an arbitrary
spatial distribution of the nonlinear susceptibility of the crys-
tal, one can obtain a similar expression for the spectral sen-
sitivity of the ellipsometry method (the “probe-phase” type
of EO detection) as follows:

For a spatially uniform unpoled crystal, Eq. (2) gives the
same result as obtained previously.7 Comparison of the two
sensitivity functions shows that both methods enable mea-
surement of the amplitudes and phases of the THz compo-
nents. The only distinction is an additional factor €} in Eq.
(1). Pumping by short femtosecond pulses leads to a suffi-
ciently broad C,,(2) window, so the main factor determining

,\- 40- T T T T T T 6 T T T ] v T T T
5 (@) 6 (c) | d 1 (e)
& 307 N ]
N 4 8-
<_:|_ 10 2 2 44
0- 0 T T T 0 T T T 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Frequency (THz)

FIG. 2. THz amplitude spectra; [(a)-(c)] measured by the standard EO detection scheme, for air plasma generation (a), and for OR in PP Mg:Y :LiNbO;
samples with periods 78 wum (b) and 70 um (c); [(d) and (e)] for air plasma generation measured by the probe-energy scheme using PP Mg:Y:LiNbO5

samples with periods 78 wm (d) and 70 um (e).
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the sensitivity distribution in both cases is the crystal
T-function.

Presented in Fig. 2(a), broadband THz spectrum of air-
plasma generation displays the joint influence of the
T-function of the ZnTe crystal, the C-function of the probe
beam, and the broadband generation spectrum of the ionized
air. Figures 2(b) and 2(c) differ from Fig. 2(a) due to the
different spectral distributions of the THz sources. In case of
Figs. 2(b) and 2(c), OR in PPLN crystals provides narrow-
band (0.1 THz) source THz radiation. The amplitudes of the
THz components depend on the T-functions of the generating
PPLN crystals and the C-function of the pump pulse as'®

; 2
Al @) = T LT () (). @
kryzc
Hence, the spectra in Figs. 2(b) and 2(c) should be propor-
tional to the product of the PPLN and ZnTe crystals
T-functions. Since the PPLN T-function is much narrower, it
determines the shapes and positions of the observed peaks.
Heights of the peaks depend on the crystal lengths [3.8 mm
in case of Fig. 2(b), and 4.5 mm in Fig. 2(c)], and on the
periodicity of the domain gratings. The well-pronounced
higher-frequency peaks at 1.33 THz [in Fig. 2(b)] and 1.49
THz [in Fig. 2(c)] correspond to the forward generation in
the crystal, the weak lower-frequency peaks result from the
backward generationK’ under OR of the reflected pump
pulse. Positions of both peaks for each crystal are in good
agreement with the domain grating periods in the samples.

In case of the probe-energy detection of broadband air-
plasma generation, theoretical description predicts narrow-
band detection within the PPLN T-function spectral band, so
that the spectral positions of the peaks in Figs. 2(d) and 2(e)
should be nearly the same as the forward generation maxima
in Figs. 2(b) and 2(c), correspondingly. Comparison of the
results clearly confirms this; small shifts up to 0.02-0.04
THz can be explained by the influence of the air-plasma
spectrum.

In conclusion, a method of QPM free-space EO detec-
tion is implemented, based on measuring the variation in
femtosecond laser probe pulse energy induced by a THz
wave. Narrowband probe-energy THz detection is realized
experimentally using doped PPLN crystals with large-
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aperture as-grown domain gratings of different periods. The
proposed THz measurement method can become a sensitive
technique in THz applications. In case of narrowband detec-
tion, for measuring the absorption and refraction of any ma-
terial inserted into the THz beam, one has to study only
several first cycles in the time-domain dependence of the
probe-transmittance changes. Avoiding of long delay-time
scanning will increase the operation speed of THz imaging
and identification devices.
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