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Measurement of spatio-temporal field distribution of THz pulses
in electro-optic crystal by interferometry method

P.A. Chizhov, A.A. Ushakov, V.V. Bukin, S.V. Garnov

Abstract. We propose a scheme for measuring the spatial distribu-
tion of the THz pulse electric field strength in an electro-optic crys-
tal using optical interferometry. The resulting images of the field
distribution from a test source with a spherical wave front are pre-
sented.
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tion.

1. Introduction

The development of THz radiation sources has made it pos-
sible to create new instruments for spectroscopy, tomogra-
phy, imaging and microscopy [1-13]. Pulsed sources of THz
radiation allow measurements in time-domain spectroscopy,
e.g., using the electro-optical detection scheme [4,6,7]. The
electro-optic crystal as a THz radiation detector is success-
fully applied for imaging [9]. In Refs [8,12] chirped pulses
were used that allow a single-pulse measurement of the entire
THz field temporal profile, making it possible to reduce the
image acquisition time. However, the imaging speed is mainly
determined by the object spatial scanning time [9, 14] so that
the main drawback of the electro-optical detection scheme is
the use of small-aperture crystals. In the present paper we
implement the imaging scheme based on an electro-optic crys-
tal and using interferometric recording, which eliminates the
necessity of scanning.

2. Imaging system in Thz range. Experimental
setup

To generate and record the THz radiation we used a Spectra
Physics Spitfire Pro XP laser system (centre wavelength, 800
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nm; pulse repetition rate, 10 Hz; pulse duration, 40 fs; pulse
energy, 2.5 mJ; Gaussian beam diameter at the 1/e? level,
12 mm; horizontal polarisation). The laser radiation was
divided into two parts. The main part was used to generate
THz radiation in the source based on the optical breakdown
in air induced by two-colour femtosecond laser pulses [15].
The other part of laser radiation — the probing pulse — after
passing through the variable optical delay line was used to
measure the electric field strength, as shown in Fig. 1.
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Figure 1. Schematic diagram of the experiment: (IF) interference filter;
(P1) and (P2) Wollaston prisms; (Pol) film polariser; (M) CCD camera
matrix.

The principle of THz radiation detection is based on the
linear electro-optic effect. The THz pulse and the probing
optical pulse (4 = 800 nm) were incident on the ZnTe crystal
(10 x 10 x 0.5 mm, cut (110); vertical direction in the scheme
corresponded to the (001) direction in the crystal). In this
case, the polarisation of THz radiation was vertical, while the
probing pulse was polarised at the angle 45°. As a result of the
electro-optic effect in the optically isotropic ZnTe crystal the
birefringence was induced, and in the above geometry of the
experiment the probing radiation in the crystal was split into
two waves (with vertical and horizontal polarisations and
equal intensities), for which the difference between the refrac-
tive indices was linearly dependent on the electric field
strength of the THz pulse.

The nonuniform distribution of the field strength over the
crystal cross section caused the nonuniform distribution of
the phase difference between the two waves at the output
from the crystal. The purpose of the next-step registration
scheme was to produce an interference pattern at the CCD
matrix that carries the information about the phase difference
distribution. To this end, the plane of the electro-optic crystal
was imaged by a telescope consisting of two similar lenses
(f = 20 cm) onto the matrix of the CCD camera (Basler
acA2040-25gm-NIR, 17, 2048 x 2048). Inside the telescope
the interference filter was placed (the transmission centre
wavelength, 795 nm; the bandwidth at the half-maximum
level, 3 nm) aimed at increasing the coherence time of the
probing femtosecond pulse, which made it possible to observe
an interference pattern with a wide contrast area. The inter-
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ference pattern itself was produced by the interferometer con-
sisting of two Wollaston prisms (with the beam separation
angles 1.5° and 3°) and a polariser, oriented at the angle 45°.
The use of two prisms with the beam separation angles of dif-
ferent magnitude and opposite sign allowed the formation of
two orthogonally polarised waves in the CCD matrix plane,
propagating at an angle to each other and, at the same time,
imaging the electrooptic crystal plane without relative dis-
placement. The polariser after Wollaston prisms ensures a
similar polarisation of the waves, thereby providing their
interference. In this way an interference pattern was formed
at the CCD matrix with the period of fringes 30 um, which
corresponds to the convergence angle of interfering waves a =
1.5°. The additional phase difference, caused by the electro-
optic effect in the ZnTe crystal, lead to the shift of the fringes,
i.e., to phase modulation of the observed pattern.

3. Data processing

In the course of experiments we obtained interferograms in
the presence of a THz pulse (signal) and in its absence (refer-
ence). To increase the signal-to-noise ratio for each delay time
between the optical pulse and the THz one, 50 signal and
background records (frames) were made. The phase was

reconstructed by processing the interferograms by means of
the method based on filtration in the Fourier space [16]. As a
result of the processing we obtained a two-dimensional map
of the mean phase shift change caused by the presence of the
THz pulse field. From the phase shift the THz electric field
strength Ety, can be extracted. In correspondence with
Ref. [17], if the polarisations of the THz pulse and optical
radiation are oriented along the crystallographic axes of
ZnTe, as in our experiment, then

Engy = —%— = 551 [kV em™], (1)
ndn T4

where I'is the phase shift due to the THz field; A is the probing
radiation wavelength; n and ry; are the refractive index and
the electro-optic coefficient of the crystal; and d is the crystal
thickness.

4. Results

The spatio-temporal profiles of the THz pulse electric field,
obtained in the experiments, are presented in Fig. 2. The elec-
trooptic crystal was placed in the plane, separated by the dis-
tance of 1 cm from the geometric focal point of the Teflon
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Figure 2. Images of the spatial distribution of the THz pulse electric field strength at different time delays.
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lens. Because in this region the focused THz radiation has a
spherical wave front, the profiles of the field strength Ety,
have the shape of rings that correspond to the sections of the
spherical wave front of the THz radiation by the planar wave
fronts of the probing pulse. With growing delay time (i.e., for
later arrival of the probing optical pulse) the ring diameter
decreases, collapsing into a spot when the planar front of the
probing pulse is tangent to the converging spherical front of
the THz pulse.

The root-mean-square value of the noise component of
the phase difference 8¢ was calculated over the frame area, in
which the signal was absent. The value obtained in this proce-
dure, 8¢ ~ 5 mrad, is equivalent to the value of the noise
electric field strength SE ~ 280 V cm™'. In Refs [8,9,17] the
minimal field detectable by the schemes based on shadow reg-
istration amounted to ~100 V cm™'. The main cause of the
sensitivity loss in the interferometer scheme is the presence of
mechanical vibrations that induce random shift of the fringes
in the interference pattern. Minimisation of the mechanical
vibration level is expected to increase the sensitivity level of
the present technique.

5. Conclusions

We have proposed and implemented a scheme for measuring
the spatio-temporal distribution of THz pulse electric field
strength. The obtained field distributions from the test sources
demonstrate the possibility of using this scheme in the prob-
lems of visualisation and imaging in the THz range, particu-
larly, with relatively low-power radiation sources.
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