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ABSTRACT Optical rectification of femtosecond pulses in non-
linear materials is an efficient method to generate ultra-short
terahertz (THz) pulses in a wide frequency range extending
from 100 GHz to well above 10 THz. Lithium niobate (LN) is
well suited for such a purpose despite the high absorption in the
THz range. In this part we will focus on the various experimen-
tal realizations to produce THz radiation in bulk, periodically,
aperiodically and two-dimensionally poled LN. The possible
bandwidth, tunability and the techniques to overcome the high
absorption will be discussed as well.

PACS 42.65.Ky; 42.70.Mp; 42.72.Ai

1 Introduction

The generation and application of THz radiation
using photonic techniques has attracted considerable interest
over the past years. Among the different optical techniques
of THz generation the optical rectification (OR) of a fs-laser
pulse in a nonlinear crystal, i.e. difference-frequency gener-
ation (DFG) between frequencies within the broad spectrum
of the same pulse, has turned out to be extraordinarily well
suited. In Part 1 [1] of this review the possibility of THz
emission was theoretically considered taking into account
a direction different from the fs-pulse propagation. From this
discussion it is clear that the main difference in the various
schemes of OR to generate THz radiation is the way to achieve
phase-matched THz generation and to reduce the THz-wave
decay in the nonlinear crystal. While the first part focused on
the theoretical description, the following discussion will focus
on the experimental realizations of the theoretical concepts
discussed in Part 1. Similar to the outline of Part 1 we will
discuss the various methods in bulk materials and proceed af-
terwards with one-dimensional quasi-phase matched (QPM)
structures (ppLN, AppLN) and two-dimensional QPM struc-
tures (TppLN).

Beginning with ferroelectric materials like lithium nio-
bate (LN) [2-8] or lithium tantalate [9] via semiconductor
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materials like GaAs [10, 11], GaSe [12, 13] or ZnGeP, [14]
to organic materials like the organic salt DAST (4-dimethyl-
amino-N-methyl-4-stilbazolium-tosylate) [15,16] or poly-
mers [17, 18], a wide range of different materials have been
used for THz generation by OR of fs-laser pulses. All of
these materials have particular advantages and inherent dif-
ficulties. As a nonlinear material LN has turned out to be
extraordinarily well suited for this purpose. This is because
of its high nonlinearity [19,20], high transparency in the
visible and near-infrared spectral region [21] and the well-
developed poling technique [20, 22, 23] for this material. The
major drawback of this material is the high absorption at THz
frequencies [24, 25]. The intensity absorption coefficient « in-
creases from around 12 cm~! at 1 THz to more than 170 cm ™!
at2.5 THz [25, 26].

The main origin of this strong absorption is the low-
frequency tail of the transverse optical phonon mode at
7.6 THz [25,27]. Recently published detailed measurements
performed by Palfalvi et al. [24] show that the absorption de-
pends on the stoichiometry and on the MgO doping concentra-
tion, which is often used to reduce the photorefractivity of LN.
The absorption decreases in 0.7% Mg doped stoichiometric
LN (sLN) to 82.6cm™! at 2.4 THz, which is still consider-
ably higher than the absorption in the visible (VIS) or near
infrared (NIR). A significant reduction of the absorption can
be achieved by cooling to cryogenic temperatures [24]. This
method was utilized to enhance the THz wave output [28], but
is hardly practicable for many applications. Therefore, con-
cepts to minimize the path length inside the crystal are still
of high interest. Due to the high dielectric contribution of the
transverse optical phonon mode to the refractive index, the
value of the refractive index in the THz range is more than
twice as high as the refractive index in the NIR or VIS. There-
fore, it is difficult to use the natural birefringence to obtain
phase matching in LN for efficient THz generation.

Despite these problems the material properties of LN are
still a reasonable compromise for the requirements for a THz
source based on frequency conversion of NIR radiation. The
remaining constraints have been partly overcome by various
concepts to reduce in particular the high absorption of LN.
This is one reason why this material is still widely used for
THz generation. Therefore, we focus the exemplary discus-
sion on LN.
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FIGURE 1 Experimental setup for the generation and detection of THz
radiation. With this setup the radiation in the forward direction as well as
the radiation in the sideways direction (surface emission or Cherenkov-like
radiation) can be investigated

2 Experimental setup

The typical experimental setup used in the experi-
ments is shown in Fig. 1. The setup consists of a Ti:sapphire
laser (Spectra Physics, Tsunami), which provides sub-100-fs
pulses with a repetition rate of 80 MHz and an average power
of ~ 1.5 W. The collimated laser beam is split into two beams.
One beam is used to trigger the detector behind a delay line
and the other beam is focused into the sample. The crys-
tal is positioned within the Rayleigh length of the focus of
the NIR radiation. The emitted THz radiation is collected
and focused by two spherical silver mirrors onto the detec-
tor. The detector was a standard silicon on sapphire (SOS)
or low temperature (LT)-GaAs photoconductive antenna with
a typical dipole length of 50 wm. Using two sets of mir-
rors, Mf and Ms, the THz radiation in the forward direction
and a direction perpendicular to the surface can be observed,
respectively.

Besides the observation direction the various realizations
differ in the type or structure of the nonlinear medium LN.
A detailed discussion of the particular structures will be given
in the corresponding sections.

3 Bulk lithium niobate (LLN)

3.1 Optical rectification

As early as 1962 optical rectification in electro-
optic media was reported [29]. Optical rectification of fs
pulses is in fact collinear difference frequency generation be-
tween particular spectral components within the ultra-short
laser pulse [30]. In 1992 Xu et al. [31] investigated the gen-
eration of THz radiation in electro-optic materials (here LN
and LiTaO3) due to the interaction with fs optical pulses. Two
years later Carrig et al. compared the efficiency of LN, LiTaO3
and DAST [32] and reported the power scaling of THz radia-
tion. These results showed that despite the low damage thresh-
old of DAST the performance is superior to LN and LiTaOs.
Further experimental realizations of this scheme have been
demonstrated in many experiments. But, in this case of non-
phase-matched DFG the THz radiation is emitted only from
entrance and exit surfaces of the crystal within the coherence
length defined by

b/ c
le=—7—7".
WTHz ’ng_nTHz’

(1)

With typical values for both refractive indices in LN (ng = 2.3
and nty, = 5.17 [25]) the coherence length is ~ 50 wm and
therefore only a small part near both surfaces of the crystal is
used. A sketch of a typical crystal and the coordinate system is
shown in Fig. 2.

For the comparison with the other methods discussed in
this paper, we used a 1-mm-thick x-cut LN crystal to pro-
duce THz radiation. Figure 3a shows the electric field of the
generated pulses. As expected, the electric field in the time
domain consists of two cycles. The delay between the two
peaks is At = 9.5 ps. Due to the simple relationship between
the length of the crystal and the delay time [1,31],

c
AL=—

= At, 2
An (2)

this results in AL = 1 mm, which is in good agreement with
the sample length L. The amplitude of the second peak (larger
delay) is smaller than the amplitude of the first peak (shorter
delay). This behavior can easily be understood if we take the
absorption and the refractive index of LN in the THz range
into account. Since the refractive index of LN is around 5.1
in the THz range, the second cycle corresponds to the radia-
tion generated at the entrance facet of the sample (see also the
theoretical discussion in Part 1 [1]). The radiation forming the
second peak took a path length of ~ 1 mm in LN while the
first peak is generated very close to the exit surface. Therefore,
higher absorption losses occur for the second peak, resulting
in a lower amplitude.

The Fourier transform gives the spectrum shown in
Fig. 3b. The obtained spectrum covers a frequency range of
~ 1.6 THz. The envelope is related to the pulse duration of
the Fourier-limited fs pulse (see Part 1 [1]). The measured
bandwidth is limited mainly by the bandwidth of the fs pulses
and the bandwidth of the detector. In addition, the absorption
strongly increases for higher frequencies, resulting in a further
limitation of the bandwidth. This behavior will be discussed in
detail in Sect. 3.2.

Opposite to the envelope, the oscillations result from de-
structive interference of particular frequency components.
The destructive interference occurs for components whose co-
herence lengths fit 2 x n times into the crystal length (with an
integer n).

Despite the high absorption of LN for THz frequen-
cies [24,25] in this scheme only small absorption losses for
the first THz pulse (first peak in Fig. 3a) occur, due to the gen-
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FIGURE 2 Scheme of the sample and coordinate system used for the THz
generation in bulk LN




L’HUILLIER et al. Generation of THz radiation using bulk, periodically and aperiodically poled lithium niobate 199
' 1 B¢ = arccos ( M ) . 3)
0,81 NTHz
0.6 For typical values of the group index of LN in the NIR of ng =
0,4+ 2.3 and the refractive index at a frequency of 1 THz of nty, =

. 024 5.17 the angle is O¢ = 63.6°.

3 : A /\ {\ As a consequence the THz radiation hits the surface of
0.0 \eA AL A A PrA A D A A A

= 7 LA A CVVETVY T a conventional rectangular shaped LN crystal under an angle

w024 N V of A~ 26° to the normal. Due to the very high refractive index

04 of LN in the THz range the angle of total reflection is only
1 around 11°. The THz radiation is therefore totally reflected
067 and absorbed inside the LN crystal. To allow the THz radi-
-0,8 1 ation to exit the crystal-air interface in the normal direction
a without refraction, one has to take special care. Hu et al. [36]
0 5 10 15 20 25 30 35 used a setup where the exciting laser beam has an incident

a Delay [ps] angle of < 27.4°. The refraction of the beam at the crystal-air

1,0 boundary results in a propagation direction not parallel to the
crystal’s boundary. By changing the incident angle the angle
between the emitted Cherenkov radiation and the exit sur-

0.8 faces can be adjusted suitably. But, in this setup only a limited
length can be used.

. To avoid this problem typically a plate with wedged exit
2 | surfaces is used. In the case of LN the wedge angle is about
= 26°. So, the THz radiation can pass the surface. This is
w H schematically shown in Fig. 4a. However, the path length of

the generated radiation inside the crystal and therewith the ab-
sorption losses increases, since the radiation is not produced
close to the surface.
For a further improvement of the output coupling effi-
ciency and spectral bandwidth, the wedged part of the crystal
0.0 ' 0: 4 0:8 ' 1:2 1:6 ' 20 24 28 can be replaced by a silicon prism [6]. A schematic of this
b frequency v [THz] geometry is shown in Fig. 4b. This setup was originally de-

FIGURE 3 Optical rectification (non-phase-matched DFG): (a) electric
field, (b) frequency spectrum

eration very close to the exit surface. But, the generated power
for DFG scales with the square of the interaction length up
to the coherence length. Due to the short coherence length
the generated power for non-phase-matched DFG is strongly
limited.

3.2 Cherenkov radiation

To improve the THz generation output it is ne-
cessary to obtain phase matching between the participating
waves. One way is to use Cherenkov radiation. The analogue
of the Cherenkov radiation from superluminal charged par-
ticles for intense light pulses was predicted by Askaryan in
1962 [33]. More than 20 years later the effect was demon-
strated experimentally [34, 35] for microwave and THz-wave
generation by pumping with ultra-short optical pulses.

When the wave packet of an ultra-short optical pulse prop-
agates through a bulk of electro-optical material, the gener-
ated Cherenkov radiation composes a cone around the direc-
tion of propagation. In this case under a single defined angle to
the direction of the NIR beam the particular THz waves gen-
erated at different points in the crystal are in phase. This angle
is called the Cherenkov angle @¢ and it is given by (see also
Part1[1])

veloped by Kawase et al. [37] for the extraction of THz radi-
ation from a ns-pumped THz optical parametric oscillator in
anon-collinear setup. The absorption for the THz radiation in
silicon is much lower and the refractive index (n ~ 3.4 [38])
is in between the refractive indices of air and LN. So, the THz
radiation can pass the surfaces without total internal reflec-
tion and less Fresnel losses. If the NIR beam is placed near
the interface between the LN crystal and the silicon prism, the
absorption in LN is minimized.

For the experimental comparison of both schemes again
the setup shown in Fig. 1 is used. The sample was replaced
by a wedged crystal, the sideways detection was used and the
detection geometry was adjusted accordingly.

The experimentally obtained electric field amplitude and
spectrum for the first scheme, shown in Fig. 4a, are plotted in
Fig. 5 aand b, respectively.

The electric field amplitude consists, as expected, of a sin-
gle cycle and the spectrum covers more than 4 THz limited
by the spectral bandwidth of both the pump pulse and the de-
tector. The spectrum shows various absorption lines of water.
During the experiments no special care was taken to remove
the water vapor from the air, because these absorption lines do
not disturb the aimed comparison of the different generation
schemes.

In Fig. 6a and b the experimentally obtained spectra for
a wedged MgO:LN crystal (solid line) and a MgO:LN sam-
ple with a silicon prism as an output coupler (dotted line) are
shown for two different focal lengths [6].
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FIGURE 4 Schematic diagram of the crystal shape for the extraction of
Cherenkov-type THz radiation: (a) crystal with a wedged surface, (b) crystal T " 1 " J
with a silicon prism 2 3 4
b frequency v[THz]

From a comparison of the different focal lengths it is ob-
vious that a shorter focal length results in a broader spectrum.
This is the expected result from the theoretical discussion [1].
In addition, it is seen that the obtained bandwidth of the
THz radiation with the wedged sample is smaller compared
to the setup with the Si prism. This behavior can be easily
understood if we take into account the strong and frequency-
dependent absorption. The absorption strongly increases for
higher THz frequencies [25]. This results in a smaller am-
plitude for higher THz frequencies compared to the obtained
amplitude for lower THz frequencies.

The frequency-dependent absorption can be included in
the theoretical description (see (21) in Part 1 [1]) by adding an
exponential factor (Beer’s absorption law). For simplicity, we
assume a constant path length s inside LN for the THz radia-
tion generated at different points of the crystal. This is at least
valid for the setup with the silicon prism. With this assump-
tion, we obtain

EOR

Eo(, R, 6,) ~ G'(0,0,)Fl,0)e” 7 *, “)

with the relations G'(w, ®,) = G(w, ®,)H(w, ry) and
F(w, ®,) = sinc (wLAn/2c) givenin Part 1 [1]. «(w) denotes
the intensity absorption coefficient.

With the empirical relation and experimental data for the
frequency-dependent absorption «(w) obtained by Schall et
al. [25] an analytical calculation is possible. Figure 7 shows
the calculated spectra for different path lengths inside LN.

FIGURE 5 Cherenkov radiation: (a) single-cycle electric field, (b) fre-
quency spectrum for a wedged LN sample

The calculation was performed with (4) and the pulse dura-
tion (t = 100 fs) and the beam waist (wy = 30 um) used in the
experiments.

From Fig. 7 it is clear that with an increasing path length
inside LN the amplitude and the bandwidth decrease and the
maximum of the electric field moves towards lower frequen-
cies. This is the expected behavior caused by the increas-
ing absorption at higher THz frequencies. A further problem
arises from the fact that the beam width of the NIR beam
should be in the order of the THz wavelength to obtain con-
structive interference between the partial waves generated at
different points. To obtain a reasonable bandwidth and power
it is necessary to obtain a small focus in the medium. There-
fore, the power scaling in this scheme is limited due to radia-
tion damage.

4 Periodically poled lithium niobate (ppLN)

Phase matching for optical nonlinear processes in
the visible and NIR spectral range is normally obtained by
birefringence phase matching [39], by quasi-phase matching
in periodically poled ferroelectrics [40] or a combination of
both [41].

In fact, the natural birefringence of GaSe has been used to
obtain phase matching for the generation of far-infrared (FIR)
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FIGURE 7 Calculated spectra for different path lengths inside LN, a pulse
duration of T = 100 fs, a beam waist of wg = 30 um and the absorption coef-
ficient obtained by Schall et al. [25]

radiation [42]. But, phase matching using the natural birefrin-
gence is difficult or even impossible below but close to the
phonon frequency [43].

While birefringence phase matching is not preferable,

quasi-phase matching is still a versatile possibility [4,7,44—

48]. In contrast to optical rectification and Cherenkov radia-

tion obtained from bulk LN, THz generation in ppLN leads to
tunable narrowband THz radiation.

A sketch of a periodically poled crystal is shown in
Fig. 8. The necessary poling periods vary between 10 microns
(10 THz) and 400 microns (300 GHz). In the theoretical dis-
cussion [1] an analytical relation between the poling period A
and the center frequency v = w/2x of the THz radiation was
obtained (see (28) in Part 1), which can be written in the form

1 c

) |ng —nti, (v) cos O

A )

The angle ® describes the direction of observation. Angles
® =0 and ® = 7 correspond to emission in forward and
backward directions, respectively.

Please note that the refractive index in the THz range
varies between 5.17 at 1 THz and 5.8 at 3 THz [25] while the
variation of the refractive index between the particular com-
ponents of the NIR fs pulse is very small.

4.1 Forward and backward emission

The generation of narrowband THz radiation by
quasi-phase-matched OR in ppLN was first reported by Lee et
al. [44,45].

They found in addition to the THz emission in the forward
direction (® = 0) an additional emission in the backward di-
rection (® = ). For a typical poling period of A = 120 pm
the calculation results in THz frequencies of 0.87 THz and
0.34 THz for forward and backward directions, respectively.

QPM structures allow a definition of both the center fre-
quency (see (5)) and the bandwidth. For the experimental
realization the setup for the forward direction is used (mir-
rors Mf, see Fig. 1). The setup is very similar to the setup for
optical rectification in bulk LN (see Sect. 3.1). Only the bulk
LN crystal has been replaced by a ppLN sample. The typi-
cal crystals used for our investigations had a poling period
of A =120um. The samples were 0.5-mm thick and had
a length of 10 mm. Figure 9a and b show the experimentally
and numerically obtained electric field in the time domain ob-
served in the forward direction.

From Fig. 9 it is clear that the amplitude of the electric
field decreases exponentially with an increasing delay. This
behavior can easily be understood if again the different vel-
ocities and absorption for the NIR and the THz radiation are
considered. The NIR radiation is much faster than the THz
radiation. Therefore, the radiation generated in the poling

A

| |
L
FIGURE 8 Scheme of the samples typically used for the THz generation in
periodically poled LN (ppLN)
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period at the exit surface of the ppLN crystal arrives first at
the detector. In addition, due to the shortest path length in-
side the crystal, the lowest absorption occurs and therefore the
largest electric field amplitude is obtained. With an increasing
path length inside the ppLN crystal the delay and the absorp-
tion increase. Similar to the discussion in Sect. 3.2, the high
absorption can be included in a quantitative approach by con-
sidering an exponential factor (Beer’s absorption law) in the
theoretical description. This additional factor results in the ob-
served decay of the field amplitude for longer path lengths
inside the crystal.

The number of cycles of the electric field corresponds to
the number of periods which contribute to the electric field [1].
Therefore, from the 40 visible cycles in Fig. 9 a a usable crys-
tal length of 4.8 mm can be calculated. This means that the
usable length for the THz generation is strongly limited by
the high absorption of LN, while the usable length for appli-
cations of ppLN in the VIS or NIR spectral range is limited
mainly by the poled crystal length.

For a comparison of the experimentally obtained electric
field and the theoretical prediction, the numerically calculated
electric field is shown in Fig. 10b. To compare the numerical
and experimental results the graph from Fig. 9a is filtered to
suppress the oscillations caused by the emission in the back-
ward direction and is also plotted in Fig. 9b. To obtain a rea-
sonable agreement between theory and experiment a poling
period of & = 120.7 wm and an absorption which is a factor of
1.4 higher than in the measurements of Schall et al. [25] were
used for the calculation. The first correction can be explained
by a slightly rotated crystal and the second correction may at-
tributed to the crystal and its composition in this particular
case.

Figure 10a and b show the spectrum calculated by
a Fourier transformation of the electric field. From Fig. 10b
it is obvious that the theoretical and experimental results fit
very well. The theoretical center frequency v calculated by
(5) using the parameters A =120.7pm, & =0, ng =2.3
and ntyg, = 5.17 is v =0.866 THz. This is in good agree-
ment with the experimental result. Besides the main peak in
Fig. 10a a second peak at 0.32 THz is observed. This fre-
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FIGURE 9 (a) Experimentally and (b) theoretically obtained electric fields

of the THz radiation generated in the forward direction in a ppLN crystal with
a poling period of 120 pm
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FIGURE 10 (a) Experimentally and (b) theoretically obtained spectra of the
THz radiation generated in the forward direction in a ppLN crystal with
a poling period of 120 pm

quency is close to the expected frequency of THz radiation
generated in backward emission. Therefore, this radiation
can be attributed to THz radiation generated in the back-
ward direction. But, please note that the radiation emitted in
the backward direction is detected in the forward direction.
This can be explained by two possible schemes. In the first
scheme (A) the THz radiation generated in the backward di-
rection is partially reflected at the entrance surface of the LN
crystal. Opposite to scheme (A), in scheme (B) the NIR ra-
diation is partially reflected at the exit surface of the crystal.
The NIR radiation propagating from the exit surface back-
ward to the entrance surface generates THz radiation similar
to the THz radiation in the backward direction in scheme
(A). This radiation is the observed radiation in the forward
direction.

4.1.1 Frequency tuning. Frequency tuning of the radiation
generated by quasi-phase-matched nonlinear optical pro-
cesses can be obtained by changing the poling period or the
temperature [46]. Different ppLN crystals of various poling
periods for the generation of THz radiation in a wide range of
wavelengths have been used. It is known that various discrete
poling periods on a single crystal can be fabricated [49]. The
selection of the THz frequency in such a multigrating ppLN
crystal can be done by moving the crystal perpendicular to
the NIR beam. But, this scheme allows only the selection of
a few discrete frequencies. Further fine tuning can be done by
changing the temperature of the sample [46].

Experimentally obtained and theoretically calculated fre-
quencies for various poling periods for the THz generation
in the forward as well as in the backward direction are plot-
ted in Fig. 11. Besides the results for first-order QPM, the
results for third-order QPM in the forward direction are also
shown. With poling periods between 10 pm and 400 pm the
complete THz range between 0.24 THz and 10 THz can be
generated.

Besides using different discrete poling periods a further
possibility to continuously tune the poling period is to rotate
the crystal [7]. In Fig. 12 a schematic diagram of the setup
used is shown. The pump beam passes through the center of
the round crystal (which is also the axis of rotation) so that
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the beam direction stays constant during the rotation of the
crystal. In this way any beam deviation during rotation can
be avoided. The effective poling period changes with 1/ cos
where « is the angle between the direction of beam propa-
gation and the normal to the poling direction; therefore, the
center frequency of the THz radiation generated in the for-
ward direction is given by a modified equation (5):

cos o c

A ng—nm, 0|

(6)

V() = v(0) cosa =

With an increasing rotation angle the effective length of the
poling period increases, but the number of contributing do-
mains decreases. Equation (6) is valid for small rotation an-
gles as long as a reasonable number of periods contribute to
the THz generation.

Due to the decreasing number of contributing domains, the
relative bandwidth increases accordingly. The bandwidth can
be calculated from the equation obtained for ppLN crystals by
considering the rotation angle a:

4 THz radiation

<

FIGURE 12 Schematic diagram of the circular ppLN crystal used for contin-
uous frequency tuning

1.768
= coso . (7
N

For the experimental demonstration a round ppLN crystal
with a diameter of 7.5 mm and a poling period of 127 pum
was used [7]. Figure 13 shows the experimentally obtained
tuning curves for the THz frequency (upper graph) and the
relative bandwidth (lower graph). The solid line represents the
theoretically calculated tuning characteristics and the band-
width in the upper and lower graphs, respectively. In this
experiment a continuous tuning range between 0.18 THz and
0.82 THz with a minimum relative bandwidth of 2.5% has
been demonstrated.

4.2 Surface emission

One major drawback of the quasi-phase-matched
collinear optical rectification discussed above is the inherent
long path length inside the crystal. The strong absorption of
LN reduces the available output power and limits the num-
ber of domains that effectively participate in the THz gener-
ation. The last, according to (7), results in a worsening of the
monochromaticity of the generated THz wave. A possible so-
lution of this problem is the emission of the generated THz
radiation perpendicular to the surface of the ppLN crystal.
In this way the path length within the ppLN crystal can be
reduced considerably and the area of THz emission can be en-
larged, resulting in a smaller divergence and possibly higher
output power.

A suitable scheme for surface emission was proposed by
Avetisyan and Kocharian [50] and experimentally demon-
strated for fs lasers by Weiss et al. [47]. An analytical expres-
sion for the expected THz frequency for a given poling period
A and observation angle @ has already be given in (5). From
that equation it is obvious that a changed observation angle for
a fixed poling period results in a changed THz frequency. This
can be used to tune the THz radiation by changing the angle
of observation. But note that this is very different compared to

09 . ; ; . .

08} ]
07 / ]
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FIGURE 13 (a) THz frequency observed in the forward direction as a func-
tion of the angle between the direction of propagation and the poling struc-
ture. The solid line represents the theoretically obtained tuning characteristic;
(b) relative bandwidth for different propagation angles. The solid line repre-
sents the calculated relative bandwidth, assuming a rectangular waveform
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the method used for the frequency tuning in Sect. 4.1.1. While
for the approach in Sect. 4.1.1 the crystal is rotated, for the
method discussed in this section the angle of observation is
changed. In the first case all participating waves propagate in
the forward direction (collinear setup) whereas in the second
case only the NIR wave propagates in the forward direction
while the THz wave is observed under an angle of ® (non-
collinear setup).

Figure 14 shows the calculated tuning curve for a pol-
ing period of A = 127 um. The angles ® =0 and ® =«
correspond to THz radiation in the forward and backward
directions, respectively. These observation directions have
been discussed in detail in Sect. 4.1. From Fig. 14 it is clear
that for an angle of ~ 63° a singularity exists. This angle is
the Cherenkov angle (see (3) discussed in Sect. 3.2). For this
angle not a single frequency but broadband THz radiation is
emitted.

Similar to the generation of Cherenkov radiation, the pos-
sible angle for the extraction of the THz radiation is limited,
due to total reflection. The angles for which the generated THz
radiation can leave the crystal (besides the forward and back-
ward directions) are marked in Fig. 14 by the gray box. There-
fore, we will focus the following discussion on this window.

For the experimental realization the sideways geometry
scheme (using mirror set Ms, see Fig. 1) was used. The setup
is very similar to the setup for the generation of Cherenkov
radiation. Only the crystal was replaced and the focusing as
well as the detection angle was adjusted for the detection of
sideways radiation under the appropriate angle. For this ex-
periment a 8-mm-long crystal with a poling period of 127 pm
was used. Figure 15 a shows the experimentally obtained elec-
tric field of the generated pulse.

The Fourier transform results in the spectrum, which is
shown in Fig. 15b. The spectrum is centered around 0.94 THz.
This result differs from the theoretically expected value of
1.027 THz, which was obtained from (5) for ® = 90° and
A =127 pm. But, for an observation angle of 92.3° the ex-
pected center frequency matches the experimentally meas-
ured one. A variation of the observation angle of 2.3° is within
the experimental accuracy and explains the difference. In the

A =127mm ——

frequency [THZ]

1 3 1 ! : backward direction|
0 1 1 1 1 ! 1 1 1
0 20 40 60 80 100 120 140 160
angle ]

FIGURE 14 Dependency of the difference frequency v on the angle between
the propagation directions of the NIR and THz beams
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FIGURE 15 Experimentally obtained electric field (a) and frequency spec-
trum (b) of the THz radiation generated in surface emission geometry in
a ppLN crystal with a poling period of 127 um

right-hand edge of the spectrum a dip caused by absorption of
water vapor is obvious.

The measured relative bandwidth of the THz radiation is
10% (FWHM). This value is much larger than the theoretic-
ally expected value of 2%, which was calculated by (7). The
reason for this difference is the sensitivity of the THz fre-
quency to changes in the observation angle and the sensitivity
of the detector. This can clearly be seen from Fig. 14. Due to
the finite detection angle A® around the observation angle
©®y the THz radiation consists of various frequency compo-
nents around the designed center frequency. An equation for
the relative bandwidth can be obtained from (5):

Av NTH sin @0
— = = A .
v ng — NTHZ COS By

®)

This equation becomes zero for forward and backward radia-
tion and infinite for the Cherenkov angle @¢, due to the sin &
and cos ® terms. In the surface emitting scheme the finite de-
tection angle has to be considered. The parabolic mirrors used
in the experimental setup have a typical collection angle of
A® = 15°. With (8) this results in an expected bandwidth of
11%, which is in good agreement with the measurement [47].
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FIGURE 16 Exemplary poling structure for the THz generation in aperiodi-
cally poled LN (AppLN)

Therefore, the bandwidth in the sideways emission scheme
is mainly limited by the collection angle and can be adjusted
suitably for a particular application. A reduction of the band-
width in the surface emitting scheme can be obtained by using
slits behind the ppLN.

5 Aperiodically poled lithium niobate (AppLN)

Up to now we discussed broadband THz radiation
obtained by non-phase-matched DFG, Cherenkov-type radia-
tion and narrowband THz radiation obtained by quasi-phase-
matched DFG in ppLN. Single-cycle broadband as well as
tunable narrowband THz radiation has attracted great interest
for a wide variety of applications. Beyond these possibilities
the use of aperiodically poled crystals opens the opportunity
to predefine the shape of the temporal or spectral envelope of
the THz radiation or to tune the frequency of the THz radiation
generated in sideways direction.

We will focus on the possibility of defining the tempo-
ral or spectral shape of the THz radiation. A defined shape
of the spectrum can be obtained by predefining a chirp of the
fs pulse and using a ppLN crystal [48] or an unmodified fs
pulse together with an aperiodically poled LN (AppLN) crys-
tal (a sketch of an AppLN is shown in Fig. 16). For many
applications a complex scheme to prechirp the fs pulse ac-
cording to the needs is not wise. But, the use of aperiodically
poled LN allows us to use standard fs pulses.

To understand the idea of using AppLN for this pur-
pose, it is instructive to remember the way in which THz
radiation is generated in ppLN. The electric field in the
time and frequency domains is determined by the superpo-
sition of the waves generated in the particular domains [46].
This can be clearly verified by (33) obtained in Part 1 [1].
The generated spectrum is very sensitive to changes in the
domain structure. Even small deviations from the prede-
fined domain structure can be sensitively detected. Lee et
al. [51] demonstrated this method. Due to this strong de-
pendency a predefined domain structure can be used to
define the THz spectrum. This was proposed and experi-
mentally demonstrated by Lee et al. [52,53]. A theoretical
treatment has been published by Liu et al. [54]. But, these
discussions focus on the THz generation in AppLN in the
forward direction. This has the disadvantage that for the
different frequency components as well as for the partial
waves generated in different positions in the sample signifi-
cantly varying absorption losses occur (see Fig. 9). Therefore,

only the remaining part of the radiation contributes to the
interference.

The surface scheme which has already been discussed for
PpLN (see Sect. 4.2) does not show this problem due to the
short path length inside the medium. In addition, AppLN may
be of particular interest for easy frequency tuning in the sur-
face emitting scheme. Therefore, we will focus the exemplary
discussion on this scheme.

While for bulk LN the length of the sample and for ppLN
the length and the periodicity are adequate parameters to char-
acterize the crystal, for AppLN the particular aperiodic struc-
ture has to be considered. To allow a discussion we further
focus on a special aperiodic structure. In Fig. 17 the photo-
graph and the schematic of the selected AppLN are shown.
The sample was poled with a poling period varying from 20
to 254 microns in steps of 13 microns. Each period is repeated
four times.

The setup used for the experiments was similar to the one
used for common ppLN in the surface emitting scheme dis-
cussed in Sect. 4.2. The upper graph of Fig. 18a shows the
experimentally obtained electric field of the generated pulse
and the lower graph of Fig. 18b indicates the corresponding
poling period. For every domain pair, one cycle in the electric
field is generated. Four cycles in the electric field correspond
to four domain pairs with the same period. As expected from
the theoretical discussion [1], every single cycle of the elec-
tric field can be predefined by the poling structure. But, this
means in accordance with Lee et al. [51-53] that the shape
of the electric field (e.g. a linear or quadratic chirp) can be

4x 254 pm

~ ~

4x 20 pm

b

FIGURE 17 Schematic (a) and photograph (b) of an AppLN crystal for the
THz generation in surface emission geometry
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FIGURE 18 Experimentally obtained (a) electric field amplitude for an Ap-
pLN crystal and (b) designed poling period for the AppLN crystal

predefined if the QPM structure of the AppLN is designed ac-
cordingly.

A further application of aperiodic structures may be the ar-
rangement of various sets of different poling periods one after
another to allow easy frequency tuning in the surface emitting
scheme. While the forward scheme has to deal with strong ab-
sorption, the surface emitting scheme is limited by the focal
length. Only in a short range around the focal point can emis-
sion in the sideways direction be obtained (see Sect. 4.2). By
defining the position of the focal point of the fs radiation the
contributing periods can be selected. This opens a way to over-
come one of the remaining limitations of the surface emitting
scheme discussed in Sect. 4.2, which is the limit to one or two
poling periods near the surface of the crystal. By arranging the
various poling periods one after another and adjusting the pos-
ition of the focus a similar tuning can be obtained in AppL.N as
in ppLN operated in the forward direction.

6 Tilted periodically poled lithium niobate (TppLN)

THz beams generated in ppLN with standard
collinear interaction schemes (see Sect. 4) suffer an essen-
tially reduced output efficiency due to the high absorption.
The surface emitting scheme has been offered and demon-
strated as an alternative (see Sect. 4.2) to reduce the absorp-
tion losses. The main condition which has to be fulfilled
was that the optical beam can be focused sharply enough
so that the waist diameter is kept smaller than the expected
wavelength of the THz radiation. Otherwise, the phase shift
between the THz rays generated at different points of the op-
tical beam cross section along the observation direction may
exceed . In this case the different rays would interfere de-
structively in the detection point.

Because of the damage threshold this condition limited the
permitted pump power. Correspondingly lower THz power
could be achieved. In the case when longer (e.g. nanosecond)
optical pulses should be used, the mentioned limitation could
even make the utilization of the surface emitting scheme im-
possible. One has to note as well that since the smaller waists
could be achieved only by sharper focusing, a smaller number

of domains could participate in the generation process, and
a less-monochromatic THz wave is detected (see Sect. 4.2).

To eliminate the mentioned disadvantages a modified
ppLN crystal for surface-emitted THz-wave generation was
used. Mainly two poling structures have been discussed and
demonstrated for this purpose. A sketch of the poling struc-
ture for both schemes is shown in Fig. 19a and c. Besides
a chessboard-type poling structure a periodic domain struc-
ture oriented under an angle to the crystal edges, a so-called
tilted-ppLN (TppLN) or slant-stripe type has been discussed.
Since both schemes are very similar in their impact on the
THz generation we focus exemplarily on the TppLN scheme.
The main idea of the modification is the following: the input
and output edges of the rectangular crystal are not cut par-
allel or perpendicular to the domains of the poled structure
but under an angle « as depicted in Fig. 19a. TppLN crystals
have been successfully used for surface-emitted THz-wave
generation via difference-frequency mixing of optical waves
in the nanosecond-duration regime [55] and for the optical
rectification of 100-fs pulses at 0.78 pum.

For the experimental demonstration the same setup is used
as for the experiments with conventional ppLN in the sur-
face emission scheme in Sect. 4.2. Only the rectangular ppLN
crystal has been substituted by a ppLN crystal with tilted
periods. The angle « and poling period A (the double domain
length) were determined from the quasi-phase-matching con-
ditions in both x and y directions [1]:

FIGURE 19 The two typically used poling structures to enhance the THz ra-
diation output in the surface emission scheme: (a, b) slant-stripe type, (c)
chessboard type. In (b) a sketch of the slant-stripe type with the definition of
the angle « and the poling period A is shown
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FIGURE 20 Experimentally obtained electric field for a focusing of the fs
pulse in the XZ plane with a cylindrical lens (f = 10 mm) in (a) regular
ppLN and (b) TppLN
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where v is the desired frequency of the THz wave. A sketch of
the definition of & and A is shown in Fig. 19b.

With ny =2.3 and nty, =5.17 for the generation of
1 THz, (9) and (10) result in a poling period of A = 56.2 um
and an angle of o = 24°.

To obtain a THz-wave generation around 1 THz in the sur-
face emitting geometry one needs a poling period of 130 um
in the standard orientation (regular ppLN) and a focusing of
the pump beam down to a 10-pum to 20-pum waist size. A typ-
ical waveform of a THz wave generated by such a regular
ppLN crystal is shown in Fig. 15a. A spherical lens (f =
10 mm) was used to generate the waveform shown around
1 THz. When the spherical lens is substituted by a cylindrical
lens also of 10-mm focal length, a similar waveform is gener-
ated only when the curvature of the lens lay in the XY plane.
If, on the contrary, the curvature was in the YZ plane (the beam
is not focused along y) then the measured THz radiation is too
weak and has a much lower frequency, corresponding to the
backward generation as shown in Fig. 20a (see also Fig. 14).

After the regular ppLN crystal was substituted by another
with tilted domains under an angle of o« = 23° with a period
of A =50 wm (close to the values calculated by (9) and (10)),
astronger emission and a higher frequency (around 1 THz) are
generated (Fig. 20b). The parameters of the ppLN crystal are
selected so that along the y axis the THz rays generated from
neighboring domains interfere constructively. Therefore, the
beam size along the y axis has not necessarily to be smaller
than the generated wavelength. In that case, the phase dif-
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FIGURE 21 Experimentally obtained electric field for a focusing of the fs
pulse with a spherical lens (f =200 mm) in (a) regular ppLN and (b) TppLN

ference between the rays generated from different parts of
the beam cross section is quasi-compensated by the periodi-
cally poled nonlinearity of the crystal in the x direction, hence
leading to those rays interfering constructively at the detec-
tion point. The demonstrated possibility of using a not very
sharply focused pump beam with the tilted ppLN crystal al-
lows in addition for a bigger number of poling domains to be
involved in the THz generation process, resulting in a more
monochromatic radiation. For demonstration, a spherical lens
with a focal length of 200 mm in combination with the same
tilted ppLN sample was used. The focal spot size in that case
would not be small enough to generate high-frequency THz
components in the regular ppLN sample, as demonstrated in
Fig. 21a. In the case of tilted ppLN the same focusing geom-
etry generates higher spectral components and a stronger am-
plitude (Fig. 21b).

7 Conclusion

In conclusion, we have discussed theoretically and
experimentally and compared various schemes to generate
THz radiation in optical nonlinear crystals using fs NIR radia-
tion. These schemes allow us to produce broadband as well as
narrowband but tunable THz radiation.

Following the outline of Part 1 [1], we discussed the gener-
ation of THz radiation in bulk LN. While optical rectification
is not efficient, due to the missing phase matching, Cherenkov
radiation is a suitable scheme to produce broadband radiation.
The major task to obtain Cherenkov radiation efficiently is to
extract the radiation from the crystal, because the Cherenkov
angle is greater than the angle of internal total reflection. Two
schemes (wedged crystals and silicon prims) to overcome this
problem have been discussed and compared.
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To obtain a reasonable amount of Cherenkov radiation it is
necessary to sharply focus the NIR beam into the LN crystal,
to fulfill momentum conservation. For power scaling it is ad-
vantageous to use the tilted pulse front geometry to overcome
the problem of optical damage of the crystal.

A very different and versatile approach to obtain phase
matching is to use ppLN crystals. This scheme leads to nar-
rowband but tunable radiation. Realizations in the forward as
well as in the surface/sideways emitting scheme and possibil-
ities to tune the frequency of the THz radiation have been dis-
cussed. The surface emitting scheme has the benefit that the
emitted radiation is generated close to the surface. Therefore,
only very low absorption losses occur. A promising solution to
the necessary sharp focusing to obtain surface-emitted radia-
tion was the use of two-dimensionally structured LN samples.

Aperiodically poled LN has been demonstrated to be a ver-
satile possibility to design the electric field as well as the
frequency spectrum of the THz pulse.

Despite the discussion being focused on LN, these results
can easily be applied to other nonlinear materials like GaAs,
which has a strongly reduced absorption coefficient at THz
frequencies.
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