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Abstract

There has recently been a surge of new laser-based techniques for generating intense, few-cycle terahertz (THz) pulses, thus
opening new applications, such as studying the nonlinear optical properties of various materials at THz frequencies.
Simultaneously, innovative solutions for broadband THz detection were found, allowing one to sense matter in the THz range
with high temporal resolution. In this paper, we will review the properties and characteristics of recently developed intense THz
sources, with a particular eye on their potential applications, such as ultrafast THz nonlinear spectroscopy.

(© 2010 Published by Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction

Terahertz (THz) radiation covers the electromagnetic spectrum from 300 GHz to 20 THz, bridging the gap
between microwaves and infrared light. THz waves have the unique ability to penetrate various materials, including
non-metallic compounds (papers, plastics), organics, gases and liquids, thus being a powerful tool for spectroscopic
sensing [1]. Since THz waves may be generated and detected using ultrashort laser pulses, coherent time-domain
THz spectroscopy with sub-picosecond temporal resolution now provide unprecedented insights into the nature of
molecular vibrations, carrier dynamics in semiconductors, and protein kinetics [2-4]. Since the first demonstration of
coherent THz detection by Auston ef al. [5] in 1983, there has been many works on developing new and improved
generation and detection techniques, as well as on the application of THz radiation, especially in spectroscopy [6,7]
and imaging [8,9].
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Recently, intense THz sources in the micro-joule range have been successfully developed, which has been used
to open new possibilities in THz science, such as probing the ultrafast nonlinear optical properties of materials in the
THz frequency region [10-15]. We note that for developing nonlinear THz optics, synchrotron sources have already
been available for some time, which can generate intense single-cycle THz pulses with as many as few tens of
micro-joule energy per pulse. However these sources still suffer from a significant time jitter, which in turn makes
coherent detection difficult [16]. In this paper, we will summarize some of the recent developments in the generation
and application of intense THz radiation using both optical rectification methods. In particular, we will summarize
the work carried out at the Advanced Laser Light Source (ALLS), located at the Institut National de la Recherche
Scientifique, (INRS) near Montreal, Canada.

2. Large Aperture Optical Rectification
2.1. Experimental setup

Experiments were performed at the ALLS laboratory, which is an international laser user facility equipped with
intense Ti:sapphire lasers with different energy and repetition rates. A new beam line at ALLS has been configured
to generate intense THz sources [17]. This THz source is pumped by a laser beam line that delivers 800-nm light
with energies as high as 70 mJ (after the vacuum compressor), 30 fs temporal duration and at a repetition rate of 100
Hz. The experimental setup shown in Fig. 1 includes three main parts: a THz generation chamber held under
vacuum (<10 torr), an 800-nm probe beam line propagating in air, and a dry-nitrogen-purged section. For the THz
emitters, we have the choice of either a 0.5-mm-thick or a 1.0-mm-thick large aperture (110) ZnTe single crystal
wafer, both having a diameter of 75 mm (Nikko Materials). To minimize saturation effects and to avoid damage of
the crystal surface, the 800-nm beam was spatially expanded to about 40 mm FWHM (or 36 cm® for full-width at
1/e* maximum) at the surface of the ZnTe emitter. In addition, the ZnTe crystal was rotated in its mount to maximize
the THz emission via optical rectification [18]. Any remaining 800-nm light transmitted through the ZnTe wafer
was blocked using two black polyethylene absorbers, which were transparent to the THz radiation. The emitted THz
pulse is first focused by a gold-coated off-axis parabolic mirror (100 mm clear aperture, 150 mm focal length),
which is placed in vacuum. The THz beam passes through a 2-mm-thick polypropylene window, and is then re-
collimated by another identical off-axis parabolic mirror outside the vacuum chamber. To facilitate steering of the
THz beam, the beam size was reduced by 2 times using a 50 mm clear aperture, 75 mm focal length off-axis
parabolic mirror, thereby preserving the numerical aperture of the THz optics. A mechanical chopper positioned at
the first focus modulates the THz beam for lock-in amplification. Two 100 mm diameter wire-grid polarizers were
also installed to control the intensity and the polarization of the THz beam and were primarily used for
characterizing the linearity of the detector.

We detected the THz pulse waveform using free-space electro-optic (EO) sampling in a second (110) ZnTe
crystal with a thickness of 20 um, mounted on top of a 0.5 mm thick (100) backing crystal. A lock-in amplifier
connected to the output of the balanced photodiodes Optical laser pump line
and referenced to the chopper was used to acquire ,_QMTJ! 100 Hz, 4015)
the THz waveforms. The THz energy was measured ' | ;
using a pyroelectric detector (Coherent-Molectron)
with a specified sensitivity of 2.624 V/J at 1.06 um,
which we previously calibrated at THz frequencies
using a second pyroelectric detector from Microtech
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Spacing of 48.5 pm. Fig. 1. Schematics of the experimental setup for intense THz radiation
waves based on optical rectification in a large aperture ZnTe crystal.
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2.2. THz energy

We have measured the azimuthal angle (8 ) dependence of the emitted THz energy. The emission of THz
radiation as a function of 8 is expected to be proportional to sin’(26) + sin’(§). We find excellent agreement
between theory and experimental data, proving that the optical rectification process is indeed responsible for the
emitted THz energy. An interesting result obtained using the large aperture ZnTe source is the scaling of the THz
energy versus laser pump energy, shown in Fig. 2. The pump beam irradiating the ZnTe crystal has a fluence
ranging from 28 pJ cm™ (1 mJ) to 1.33 mJ cm™ (48 mJ) with a Gaussian shape and a beam size of 40 mm FWHM,
equivalent to a total area of 36 cm®. At the maximum pump energy of 48 mJ the THz pulse energy is as high as 1.5
wJ, corresponding to an energy conversion efficiency of 3.1x10” and an average THz power of 150 pW (for 100 Hz
repetition rate). To the best of our knowledge, this result is still the highest THz energy reported from an optical
rectification process in a ZnTe crystal.

The pump fluence used in our experiment are typically e 3.5x10°
well above the saturation fluence of 50 pJ cm? [19]. 1501 o _(lfafz“’erﬂ‘)” efficien ....' 30010°
. . . L] 4 3.
Therefore, we do not expect to record a quadratic increase in __ 125} energy_ PEENE R
the THz pulse energy as a function of the 800 nm pump 3 o " 125x10°.8
f . . — 1.00} ° [ a L] L2
energy over the entire intensity range. Instead, we see a E . . {20x10° %
slightly super-linear increase of the THz pulse energy as a g 075t ° . 14 5“06_5
function of the excitation pulse energy, which is consistent ¥ 050 _‘.' . . ’ g
with the data shown by Loffler ef al. [19] above the saturation & - 110:10° 2
fluence (where two-photon absorption effects become 025p E 5.0x1068
significant). Even if locally the beam experiences complete 00g P 0.0
saturation at the center of the beam, the THz emission 0 02 04 06 08 10 12 14
continues to grow at the (lower intensity) wings, which in Optical pulse energy per unit area(muJ/crrf)

turn .may contribyte to the behgvior shonn in Fig. 2. ISA Fig. 2. THz pulse energy emitted from the large-aperture ZnTe
pOSSlble explanatlon for the hlgher efﬁ01ency (3.1x10™) source as a function of the incident 800 nm laser pulse energy
obtained in our case compared with that reported in Ref. [19] per unit area. The corresponding energy conversion efficiency is
.. also shown.

may be due to the lower repetition rate of our laser source

(100 Hz instead of 1 kHz). Our lower repetition rate may give residual free carriers enough time to recombine
between subsequent pulses, thereby keeping the background free carrier concentration much lower than for higher
repetition rates.

2.3. THz electric field

As mentioned previously, two ZnTe emitters were used for generating THz waves (either a 0.5-mm-thick or a
1.0-mm-thick (110) ZnTe single crystal wafer, both with a 75 mm diameter). In Fig. 3(a), we show the waveforms
of the THz pulses generated by the 0.5-mm-thick and the 1.0-mm-thick (110) ZnTe crystals. As one can expect, a
broader frequency content is obtained when the thinner ZnTe crystal is used to emit THz radiation. Note that the
absence of frequency content above 3 THz is mainly due to the presence of phonon absorption lines in the ZnTe
crystal [20].

For full evaluation of the source, we imaged the THz beam at the focus using a pyroelectric infrared camera
(Electrophysics, model PV320). In this way, we could evaluate easily the peak electric field using the full
characteristics of the beam, 0100 oo
spec1'ﬁcall}{ the energy and oorsl @
physical dimensions at the
focus. Recently, we have
been able to capture the
image of the THz beam
using a pyroelectric camera,
thus showing the possibility
of imaging high power THz
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Fig. 3. (a) Pulse waveforms generated by a 0.5-mm-thick and a 1.0-mm-thick (110) ZnTe crystal. (b)
Corresponding Fourier transforms of the THz pulse waveforms.
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time [17]. The measured spot size is 1.6 mm at 1/ of the intensity profile.
In our work, the evaluation of the THz electric field was carried out following a similar method as that reported
in Ref. [21], that is, by using the following equation:

Ey= | M
) 'gz(t)dt

Here, E, is the THz peak electric field, 7, is the free space impedance (377 Q ), W is the THz energy, wy is the
intensity beam waist, and g(?) is the temporal shape of the THz electric field (with a peak value normalized to 1),
which can be easily retrieved from the EO sampling measurements. Using Eq. (1), along with the beam spot size
recorded by our camera, we estimated a value of the electric field as high as ~230 kV/cm for a 1.5 pJ THz pulse.

3. Tilted Pulse Front Phase Technique
3.1. Background

To date, the most efficient way of generating intense THz waves in the 0.1 — 3 THz frequency range remains the
recently proposed tilted pulse front technique based on the use of a LiNbO; crystal [14]. Efficient THz generation
needs the group velocity of the optical pump beam v, to match the phase velocity of the THz wave vZ., that is
Vi = vﬁzz. Many high dielectric constant materials, including LiNbO; and other ferroelectric materials offer very
high EO coefticient, however the velocity matching of optical and THz waves in these crystals cannot be achieved
collinearly. For these materials, the refractive index in the THz range is more than two times larger than that in the
visible range. This problem is overcome by tilting the pulse front of the optical beam using a diffraction grating, as
first proposed and demonstrated by Hebling e? al. [22, 23].

The idea proposed in [22] is to tilt the pulse front of the optical pump beam relative to its phase front, as both of
them are initially perpendicular to the propagation direction. By travelling in a nonlinear medium such as LiNbOs,
the pump pulse propagates with a velocity v%, and the THz radiation is excited along this tilted pulse front direction.
The projection of the optical beam velocity on the propagation direction of the THz beam has to be equal to the THz
phase velocity, i.e.:

Vi, =V -cosy @

Here, yis the tilt angle introduced in the pulse front relative to the phase front. Using this technique, it is possible
to equalize the two velocities by choosing an appropriate tilt angle yin a material with a significantly large dielectric
constant.

To tilt the pulse front of the optical beam relative to the phase front, a grating is typically used. Using simple ray
optics formalism for an optical beam that is incident on the grating with an angle oz and is diffracted by an angle 8 ,
the pulse front tilt angle ycan be depicted.

If n,, is the index of refraction of the LiNbO; crystal and F the demagnification ratio of the lens used to image
the beam spot on the grating to the crystal position, the pulse front tilt angle becomes:

F mNA
tany=——

nopt COS(ﬁ )

Here, A is the optical pump wavelength, m is the diffraction order and N is the grating grooves number. By using
Eq. (3), one can find the front tilt introduced at the crystal position. It is important to notice that the crystal has to be
cut at an angle that satisfies the velocity matching condition inside the crystal.

3)
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3.2. Experimental setup

In our experimental setup for our THz source based on the tilted pulse front technique, installed at ALLS, we use
a 1 mol% Mg-doped LiNbO; crystal. Note that doping is chosen to avoid the photorefractive effect in LiNbO; [23].
To satisfy the velocity matching condition given by Eq. (9), the crystal was cut at an angle of 63°, since the group
index of the optical pulse and the phase index of the THz wave are equal to 2.26 and 4.98, respectively. The ALLS
laser beam line used to pump the crystal is a Ti:sapphire laser that delivers 4 mJ pulses with 30 fs pulse duration at 1
kHz repetition rate. The 5-mm diameter beam is split into two parts using a combination of a half-wave plate and a
polarizer. The horizontally polarized beam is first demagnified (by a factor of 3) using a telescope made of two
lenses with focal length of 150 mm and -50 mm, respectively. This demagnification is necessary to increase the
pump laser intensity at the crystal position. The demagnified, horizontally polarized beam is sent to the grating and
the vertically polarized beam is used as a probe line.

Combining the grating equation with the tilt equation (Eq. 3), we calculate an angle of incidence a = 37.31°.
The diffracted beam from the grating is imaged onto the crystal with a demagnification factor of 1.7, using an
achromatic lens with a focal length of 150 mm. A half-wave plate is placed after the lens to rotate the polarization of
the pump beam from horizontal to vertical, thus setting the polarization of the pump laser parallel to the LiNbO; z-
axis (where the z-axis is the extraordinary axis). THz is generated from the crystal and is collected by a gold-coated
off-axis parabolic mirror with a 110 mm focal length. The THz beam is focused using an off-axis parabolic mirror of
50-mm focal length on to a 0.5-mm-thick (110) ZnTe crystal. Free-space EO sampling is then used for detecting the
THz signal.

3.3. Source characteristics

For the experimental setup illustrated above, 1.3 mJ of the total laser energy (4 mJ) was used to generate THz
waves, to avoid damage on the grating surface due to the demagnified beam impinging on the grating. We recall that
at the crystal position, the pump energy of the laser was 0.9 mJ, with 30 fs pulse duration, at a repetition rate of 1
kHz, and with a spot size equal to 1.7-mm diameter at 1/e”.

Figure 4 shows the recorded THz energy dependence on the pump laser energy. Conversion efficiency as high as
6x10™, similar to the one reported in [14], was achieved.
Notice that we used the same Coherent-Molectron pyroelectric

detector used to characterize the ZnTe-based source described 06k .
previously. As mentioned in Section IV-B, the THz energy
extracted from an optical rectification process should scale up __05¢ -
quadratically. From Fig. 4, it is clear that the process is _3’ -
partially saturated, thus resulting in a linear increase of the THz E 0.4} -
energy as function of laser pump energy. We point out once g .
more that in the present configuration, the pump energy could w 03r "
not be further increased, to avoid damage of the grating. As ﬁ .
. . . 0.2+

such, we did not reach the complete saturation regime. -

As we did for the large aperture ZnTe source, we measured 01l L]
the THz spot size using a pyroelectric infrared camera ’ s N L \ , N N
(Electrophysics, model PV320) and found a value of 0.97 x 0.8 02 03 04 05 06 07 08 09 10
mm at the focus (l/e2 value). Substituting in Eq. (1) the pulse Pump Laser Energy (mJ)

temporal profile recorded from the EO sampling, we evaluated

a peak THz electric field at focus of ~ 160 kV/cm. Fig 4. THz energy vs pump laser energy for the tilted pulse front

configuration.

4. Summary

In summary, we have reviewed the high intensity THz sources recently implemented at the Advanced Laser Light
Source in Canada. In this paper, THz sources obtained using (i) a large aperture ZnTe crystal-based source, and (ii)
a tilted pulse front technique in LiNbO; have been reported. The THz sources have been introduced in the broader
context of the high intensity laser sources of the ALLS National Facility, aimed to create high intensity sources
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capable to cover the entire radiation spectrum from the THz to the X-rays. The results we obtained clearly show the
high potential of our THz sources for nonlinear applications.
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