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Abstract Optical rectification of femtosecond pulses
in nonlinear 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 is in particular well suited for such pur-
pose and can be used both in bulk and (a)periodically
poled forms. Different optical techniques for the gener-
ation of THz pulses are presented and compared theo-
retically. The whole discussion is performed for the in-
teraction of gaussian beams using the radiating antenna
approach that takes into account the diffraction of the
THz wave and therefore may predicts the THz emission
in a direction that differs from the optical pulse propa-
gation.
PACS: 42.65.Ky, 42.70.Mp, 42.72.Ai

1 Introduction

Terahertz (THz) radiation systems have attracted con-
siderable interest over the past years, due to their wide-
spread scientific and technological applications [1–3]. There-
fore a number of optical methods of THz generation have
been developed during the last few decades [4–14]. Today
the illumination of photoconductive materials or nonlin-
ear crystals by fs laser pulses is the prevailing way to
generate THz radiation with different waveforms ranging
from single cycle broadband pulses to tunable narrow-
band radiation with adjustable bandwidth. The main
features and characteristic properties of THz-radiation
generated by photoconductive switches and surface emit-
ters have been investigated in detail by several authors
[15,16]. In this review we will focus on THz generation by
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optical rectification (OR) of fs-pulses in nonlinear mate-
rials. The main advantage of this method is the possibil-
ity to get higher frequencies[17,18] as well as predefined
temporal waveforms by a suitable pre-engineered domain
structure of poled ferroelectric crystals[19,20].
A wide range of different materials has been tested for
optical rectification of ultrashort pulses[21]. All of these
materials have a number of particular advantages and
disadvantages. Lithium niobate (LN) has turned out to
be extraordinarily well suited for this application, be-
cause of its high nonlinearity[22,23], high transparency
in the visible and near infrared spectral region[24] and
the well developed poling technique[23,25–27].
The major drawback of LN is the high absorption at
THz frequencies, especially in a frequency range above
1 THz. The intensity absorption coefficient α increases
from around 12 cm−1 at 1 THz to more than 170 cm−1

at 2.5 THz [28–30]. Besides the high absorption a sec-
ond difficulty is caused by the transverse optical phonon
mode at 7.6 THz. Due to the high dielectric contribu-
tion of that mode to the refractive index, the value of
the refractive index is about 2.5 times higher than that
of LN in the optical region.
Despite the mentioned problems the material properties
of LN are still a suitable compromise to the requirements
for a THz source, especially since different methods to
overcome or minimize these limitations have been devel-
oped. To compensate the velocity mismatch between the
optical and THz radiation the Cherenkov-type[31–33] or
quasi phase matching schemes[34,35] can be used. The
recently developed surface emitting geometry results in
the significant reduction of the influence of THz absorp-
tion on the frequency conversion process[36,37]. In this
case the THz-wave is emitted through a lateral surface of
a periodically poled LN (ppLN) sample, i.e. it propagates
perpendicular to the direction of the optical beam prop-
agation. The THz-wave attenuation is minimized, due to
the short path length within the ppLN crystal. For these
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reasons we focus our consideration exemplary to LN. The
obtained results can easily be applied to other nonlinear
materials like GaAs which has a reduced absorption co-
efficient at THz frequencies, and (similar to LN) allows
the fabrication of structures with a periodically-inverted
sign of the nonlinear coefficient by recently developed
techniques of orientation-patterned growth[38] or wafer
bonding[39].
We divide the discussion into two publications a theoret-
ical and experimental part. In this publication we the-
oretically analyze OR of fs-pulses in periodically, aperi-
odically, and uniformly poled LN crystals in different ge-
ometries of the interacting waves - collinear, Cherenkov-
type, and surface emitting.
There are already many publications concerning OR of
ultrashort laser pulses in a collinear geometry when THz
radiation is mainly emitted in the direction parallel to
the optical pulse propagation [4,14,40–44]. In the theo-
retical discussions the plane wave approximation is usu-
ally used. However such an approach cannot be applied
when the optical beam size r0 is comparable to or smaller
than the wavelength λTHz of the generated terahertz ra-
diation. Actually, OR is difference frequency generation
(DFG) between Fourier components of the transform-
limited ultrashort pulse. The importance of THz-wave
diffraction for DFG excited by a laser beam with r0 <
λTHz has been mentioned to the best of our knowledge
for the first time by Zernike [45] and has been theoret-
ically considered by Morris and Shen [46]. Recently it
was demonstrated [47] that, in contrast to results fol-
lowing from the plane wave model, the THz-pulse power
grows with an increasing beam size, if the size r0 of the
optical beam is comparable to or smaller than the wave-
length of the THz radiation. In the present paper we
use the radiating antenna approach [48,49] that takes
into account the diffraction of the THz wave and there-
fore may predicts the THz emission in a direction that
differs from the optical pulse propagation. This is es-
pecially important for the theoretical treatment of THz
emission in the interesting surface emitting scheme [50]
as well as for the Cherenkov geometry [13]. The obtained
results demonstrate the effectiveness and simplicity of
the used approach in describing and analyzing the THz
generation by OR of transform-limited ultrashort pulses
in nonlinear crystals. The description is performed for
various types of the poling structure (periodically, peri-
odically tilted, aperiodically, and uniformly) of LN and
various different geometries of the optical and THz wave
propagation (collinear, perpendicular, and Cherenkov-
type). For the first time to our knowledge the features
of surface-emitted THz-wave generation by OR in slant-
stripe- and chessboard- types ppLN crystals (sometimes
called as 2D ppLN) is analyzed.
We start in Section 2 with a derivation of a general ex-
pression for the rectified field in the frequency domain.
This expression is used in Section 3 to calculate and an-
alyze the electrical field generated in bulk (uniformly)

LN for different geometries in both the frequency and
the time domain. Periodically, aperiodically and tilted
periodically poled LN crystals are considered in the sec-
tions 4.1, 4.2 and 4.3, respectively. Finally the theoretical
results are summarized in section 5.
The second part[51] focuses on the experimental realiza-
tions of the theoretical concepts discussed in this paper.

2 Rectified field in a nonlinear crystal with an
arbitrary pattern of the nonlinear coefficient

Let us consider a transform-limited optical pulse with
a Gaussian temporal and spatial profile that propagates
along the x-axis of a LN crystal with an arbitrary pat-
tern of the effective nonlinear coefficient deff in the XY-
plane. A sketch of the various possible pattern is shown
in Fig.1. The optical pulse is polarized along the z-axis
of the crystal to use the highest nonlinear coefficient d33.
To avoid optical and THz waves’ reflections at the inter-
faces of the crystal, we assume that it is incorporated in a
linear medium having the same refractive index. Besides,
we presume that the efficiency of THz generation is not
high and the crystal’s length is sufficiently shorter than
the dispersion and Rayleigh distances. These assump-
tions allow to neglect the laser pulse (pump) depletion
and consider that the laser radiation has a fixed pulse
duration τL and cross-section which do not evolve during
propagation. With these assumption the electrical field
of the pulse can be written as

Ez(x, y, z, t) = E0·e
− y2

r2
y0 e

− z2

r2
z0 e

− (t−x/u)2

2 τ2
L cos (Ω (t− k0x)) .

(1)
Herein ry0 and rz0 denotes the radii of the beam waist

along the y and z axis, respectively. u = ∂Ω/∂k0 = c/ng

is the group velocity of the laser pulse, ng is the group
refractive index, Ω the center frequency of the fs-pulse,
k0 = nIR/c the wavevector of the fs-pulse and 2τL is
the pulse duration at the 1/e level in intensity that is
related to the full width at half maximum by τFWHM =(
2
√

ln2
)

τL = 1.66τL. The amplitude E0 is determined
by the energy U0 of the pulse in the crystal in the form:

E0 =

√
4U0η0

π3/2nIRτLry0rz0
. (2)

with:

η0 =
√

µ0

ε0
. (3)

Using a Fourier transform pair in the form

f(t) =
1
2π

∫ ∞

−∞
f(ω) · eiωtdω (4)

f(ω) =
∫ ∞

−∞
f(t) · e−iωtdt (5)
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the low-frequency component of the nonlinear polariza-
tion (oriented along the z-axis) can be written as

Pz(ω, x, y, z) = ε0 deffE2
0g0 (ω) e

−
„

2y2

r2
y0

+ 2z2

r2
z0

+i ω
u x

«

(6)

where the effective nonlinearity deff = d(x, y) is a func-
tion of x and y in case of 2D ppLN crystals (slant-stripe-
or chessboard- types of the poling LN), deff = d(x) is
function of x only for an 1D ppLN crystal (e.g. period-
ically or aperiodically poled LN), and deff = d33 is a
constant for a bulk (uniformly poled LN) crystal. The
factor

g0(ω) =
√

πτLe−
ω2τ2

L
4 (7)

is the Fourier transform of the intensity envelope at the
point x = 0.
To calculate the electrical field produced by the nonlin-
ear polarization, the radiating antenna model[48,49]is
used. Thus first the vector potential A of the far-field
excited by the driving current j has to be determined
in the far field approximation[52]. In our case only the
z-component of the A vector differs from zero, since the
nonlinear polarization is oriented along the z-axis and
the driving (displacement) current is given by jz(ω, r) =
iωPz(ω, r) in the frequency domain. Using the relation
between the vector potential and the electrical field strength,
the following equation for the electrical field is obtained:

EΘ(ω,R) =
µ0ω

2e−ikRsinθz

4πR

∫

V

Pz(ω, x, y, z)

· ei(kzz+kyy+(kx−ω
c ng)x)dxdydz

(8)

where R = (R, Θz, φ) is the point of the field observa-
tion in a spherical coordinate system (see Fig. 1(a)), kz =
k cosΘz, kx = k sin Θz cosφ and ky = k sin Θz sin φ are
the respective projections of the generated fields wavevec-
tor

−→
k = ωnTHz

−→
R/cR. For simplicity the dispersion

of the refractive index nTHz in the THz-wave region
is neglected. After substituting Eqn. (6) into Eqn. (8)
the integration has to be carried out. First the inte-
gration in the z-direction is performed, since the effec-
tive nonlinearity of the crystal does not depend on z
for all considered schemes. The intensity of a Gaussian
beam in z-direction decreases rapidly due to the term
exp

(−2z2/r2
z0

)
. Therefore the limits in the correspond-

ing integral can be replaced by ±∞ by considering that
the beam is completely inside crystal. Using this assump-
tion the integration of Eqn. (8) results in

EΘ(ω,R) =
η0U0√

2c2π
3
2 nIR

· e−ikR sinΘz

Rry0
ω2e−

ω2·(τL+τz)2

4

·
∫ B/2

−B/2

∫ L/2

−L/2

d(x, y)e
ikyy− 2y2

r2
y0 e−

iω∆n
c xdxdy.

(9)

with the following abbreviations:

∆n = ∆n(Θx) = ng − nTHz cos Θx (10)

and:
τz =

nTHzrz0√
2c

cos Θz. (11)

Herein Θx = arccos (sin Θ cosφ) is the angle between the
observation direction R and the x-axis.
The specific electrical field of a particular method de-
pends on the contribution of the two remaining inte-
grals. While for non phasematched OR [7], Cherenkov-
type phase matching [53,54] and quasi phasematched
OR [37,41] the typical beam shape is round and the
effective nonlinear coefficient is independent on y, an el-
liptical beam shape is characteristic for the slant-stripe-
or chessboard-types of poling LN where deff = d(x, y)
is a function of both x and y.
For the moment we will focus on the first type with a
round beam shape r0 := ry0 = rz0 and a nonlinear co-
efficient deff = d(x) depending only on x. But we will
recall Eqn. (9) for the analysis of THz generation in the
slant-stripe [55] and chessboard [11] poled LN.
With this assumption the integration over y can be per-
formed in the same manner as the integration over z. Fi-
nally the rectified field in the frequency domain is given
by

EΘ(ω,R) =
η0U0

2c2πnIR
· e−ikR

R
sin ΘzG(ω, τL)H(ω, r0)

·
∫ L/2

−L/2

d(x)e−
iω∆n

c xdx

(12)

with the factors G(ω, τL) and H(ω, r0) defined by:

G(ω, τL) = ω2e−
τ2

Lω2

4 (13)

H(ω, r0) = e−
τ2

aω2

4 (14)

where

τa =
nTHz · r0 · sin Θx√

2 · c . (15)

While the factors sin Θz in Eqn.(12) and ω2 in Eqn.(13)
are related to the radiation characteristic of a Hertzian
dipole, the exponential factor exp(−ω2τ2

L/4) is attributed
to the spectrum of ultrashort laser pulse. The integrand
function exp(−iω∆nx/c) and the factor H(ω, r0) de-
scribe the vector phase matching of the interacting waves
in the directions of the optical pulse propagation (x-
axis) and the YZ-plane, respectively. While the factor
H(ω, r0) becomes one for a collinear geometry of the op-
tical and the THz waves propagation (Θz = π/2 and
φ = 0 or π), it is smaller than one for all other cases.
Generally the factor H(ω, r0) depends on the observation
angle Θx(Θz, φ) and the fraction of the beam radius r0

to the THz wavelength λTHz = 2πc
ωnT Hz

in the crystal. In
a region where the size of the beam waist is comparable
to or bigger than the wavelength of the terahertz radia-
tion the factor H(ω, r0) rapidly decreases.
It is instructive to have a closer look at this behavior,
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since it has important consequences for all non collinear
schemes like the Cherenkov, surface emitting ppLN or
the slanted stripe and chessboard geometry. It is in par-
ticular interesting to discuss this behavior in the radiat-
ing antenna model, because this model offers a classical
approach rather than the typical used explanation in a
wavevector picture using Heisenberg’s uncertainty prin-
ciple.
Let us first focus on the typically used wavevector pic-
ture. The behavior of H(ω, r0) is clear from the photon
momentum conservation rule written as

k(ω)− k(Ω + ω) + k(Ω) = ∆k (16)

where k(Ω + ω) and k(Ω) are the wave vectors of the
spectral components of the fs-pulse that generate the
THz radiation with a wavevector k(ω) via DFG, ∆k is
the wave vectors mismatch. For an efficient frequency
conversion ∆k has to be adjusted to become zero. The
x-component of the wavevector mismatch ∆kx can be
equalized to zero by a suitable periodic poling struc-
ture along the x-axis (1D ppLN). However, the remain-
ing YZ-component ∆kY Z = k(ω) sin Θx = 2π

λT HZ
· sin Θx

may be compensated only by an uncertainty of the op-
tical wavevectors ∆k ∼ 1/r0. According to the uncer-
tainty principle, it is caused by a finite cross-section size
of the optical beam propagating along the x-direction.
Thus it is desirable that the radius of the beam waist
is small especially in the case of a short wavelength in
the THz range λTHz and an angle Θx close to π/2. This
agrees well with the calculated dependence of the factor
H(ω, r0).
In addition to this picture, the radiating antenna model
offers a further very instructive explanation. The expla-
nation becomes most transparent if we assume a rect-
angular shaped optical beam with size of ry0 in the y-
direction instead of a gaussian shape. In this simplified
case the integration of Eqn. (9) with the same assump-
tions used for the calculation of Eqn. (12) result in a
modified factor:

H(ω, ry0) ∼ sinc
(
k

ry0

2

)
(17)

The sinc(x) = sin(x)
x function becomes zero for k

ry0
2 =

2π
ry0

λT Hz
= π. Thus this factor strongly decreases for

ry0 ≥ λTHz/2 in agreement with the description above.
The physical meaning of Eqn. (17) is the destructive in-
terference of the partial THz waves generated at different
y positions for a fixed position in x-direction, due to the
different path length inside LN. Please note that this
behavior is slightly different form the well know phase-
missmatch due to the different wavelength’s of the par-
ticipating waves (see section 3.1). In the last case the
different velocities of the pump and frequency converted
components result in a phasemissmatch of the partial
waves generated at different times. But Eqn. (17) re-
sults from the different path length inside LN of the THz
waves generated at the same time but different points in

the y-direction. Certainly, the interference is construc-
tive if the optical beam’s size along the direction of the
THz emission is much smaller that the radiated wave-
length. The destructive interference of partial waves for
ry0 > λTHz/2 can also be overcome by a periodic struc-
ture in the y-direction. This will be discussed in detail
in section 4.3.
Here we will focus again on Eqn. (12). The phase match-
ing along the direction of the fs-pulse propagation is de-
termined by the remaining integral in Eqn. (12). It de-
scribes if the various partial waves generated at different
x-points will interfere constructively or destructively. To
obtain a reasonably high contribution to the THz ra-
diation this integral has to be maximized. The various
concepts to generate THz radiation via optical rectifica-
tion are different approaches to obtain phase matching.
Thus, the theoretical description varies only in the con-
crete discussion of this integral.

3 Bulk (uniformly poled) lithium niobate

3.1 Optical rectification in forward direction

For a bulk LN crystal the effective nonlinear coefficient
deff in Eqn. (12) is purely the tensor element d33, i.e.
deff ≡ d33. In forward direction (Θz = π/2, φ = 0) the
factor H(ω, r0) becomes one. Under these conditions the
integration of Eqn. (12) results in

Ez(ω,R) =
η0d33U0

2πnIRc2
· e−ikR

R
·G(ω, τL)

· L · sinc

(
ω

∆n(0)
c

· L

2

) (18)

with ∆n(0) = nTHz−ng (see Eqn. (10)). This is the ex-
pected result for non phasematched difference frequency
generation (DFG) between Fourier components of the
fs-pulse. Fig. 2 (a) shows the calculated spectrum of the
generated THz radiation in a 0.5mm long bulk LN crys-
tal for a pulse duration of τL = 60fs. While the envelope
is given by the factor G(ω, τL) and thus by the band-
width of the fs-pulse, the oscillations beneath the enve-
lope are caused by the sinc(ω ∆n(0)

c
L
2 ) term. This term

describes wether the different components generated at
different positions in the crystal interfere constructively
or not for a fixed crystal length depending on the fre-
quency in the THz range ω.
For the further discussion it is interesting to calculate the
temporal form of the rectified field. Especially since the
dependance EΘ(t,R) is usually measured by a photocon-
ductive [56,57] or a electro-optical[58–60] THz detector.
The spectral form is connected by a Fourier transform
to the temporal form of the rectified field. To perform
the inverse Fourier transform it is useful to rewrite Eqn.
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(18) in the form:

Ez(ω,R) =
η0d33U0

2πnIRc∆n(0)R
· 1√

πτL
(iω)

(√
πτL · e−

τ2
L
4 ω2

)

·
[
e
−iω

“
nT HzR

c + L∆n
2c

”
− e

−iω
“

nT HzR

c −L∆n
2c

”]

(19)

With Eqn. (19), the retarded time tR = t − nT HzR
c and

t0 = L∆n(0)/2c the inverse Fourier transform results in:

Ez(t,R) =
η0d33U0

π3/2nIRc∆n(0)R
·
[

(tR + t0)
τ3
L

· e−
(tR+t0)

2

τ2
L

− (tR − t0)
τ3
L

· e−
(tR−t0)

2

τ2
L

]

(20)

Eqn. (20) indicates that the rectified field is rep-
resented by two pulses which are proportional to the
derivative of the optical intensity envelope for the time
points t1 = tR − t0 and t2 = tR + t0. The polarities
of these pulses are opposite to each other and the time
delay is equal to the traveling time difference between
the optical and THz wave passing through the crystal:
t = t1 − t2 = L(u−1 − v−1), where v = c/nTHz. It al-
lows to interpret the generated field as the transition
radiation from the nonlinear polarization. For the first
time the possibility of such radiation was pointed out
by Askaryan [31] and experimentally demonstrated by
Xu and co-authors [7]. The length of LN forming the
transition radiation can be estimated from the coherence
length of the DFG process given by lc = λ0/2∆n0, where
λ0 = λTHznTHz is the wavelength of THz radiation in
the free space. By substituting ng = 2.3, nTHz = 5.2 and
λ0 = 300µm we obtain lc ≈ 50µm. The typical length of
crystals is between some hundred microns and a few ten
millimeter and therefore only a small part near the inter-
faces of the crystal generates THz radiation. The calcu-
lated temporal form of the rectified field for τL = 60fs
in a 0.5mm and an 1mm long bulk LN crystal is pre-
sented in Fig. 2 (b). It is seen that the two half cycles
are shifted by a time delay of L(u−1 − v−1)/2 from the
center towards the front and the end surface of the crys-
tal, respectively. The presented dependence Ez(t) is in
reasonable agreement with results of experimental inves-
tigations[7,51].

3.2 Cherenkov radiation

Here we calculate the radiation pattern of the THz gen-
eration in bulk LN and investigate the possibility of THz-
wave emission in a direction different from the fs-pulse
propagation. After integrating Eqn. (12) over the crys-
tal’s length, the following relation is obtained:

EΘ(ω,R, Θx) =
η0d33U0L

2πnIRc2
· e−ikR sin ΘZ

R

·G′(ω,Θx) · F (ω,Θx)
(21)

with

G′(ω, Θx) = G(ω, Θx)H(ω, r0) = ω2e−
ω2τ2

eff
4 (22)

F (ω,Θx) = sinc

(
ωL∆n

2c

)
(23)

and the effective pulse duration τ2
eff = τ2

L + τ2
a . In gen-

eral, the three factors sin Θz, G(ω, Θx) and F (ω,Θx)
contribute to the angular distribution of the rectified
field. However the dependence E(ω, Θx) is mainly deter-
mined by the last factor F (ω,Θx) since both the sinu-
soidal term and G′(ω,Θx) are slowly varying functions
under the condition r0 ¿ λTHz. The factor F (ω,Θx)
takes the maximum value of 1 at ∆n = ng−nTHz cos Θx =
0 that corresponds to the Cherenkov radiation angle:

Θxc = arccos(ng/nTHz). (24)

It is well known that the angle of incidence Θin = (90◦−
Θxc) is always bigger than the angle of total internal re-
flection at the interface LN-air. For this reason a grating,
a triangular prism, or samples with a tilted output face
are typically used to couple out the Cherenkov radiation
from the crystal [5,13]. The efficiency of frequency con-
version in the Cherenkov configuration is high because
the phase matching condition is satisfied for the whole
THz spectrum, i.e. F (ω,Θx) = 1 is irrespective of ω.
Even if the dispersion of LN in the THz range is taken
into account (nTHz = nTHz(ω)) the variation range of
the Cherenkov angle is much less than the aperture of the
typically used THz wave collection systems. The radi-
ated spectrum is determined by the slowly varying func-
tion G′(ω,Θx), which is limited by the bandwidth of the
fs-pulse and the beam radius in y-direction.
The full bandwidth at half maximum level is ∆ωm ≈
2.32ωm, where ωm = 2/τeff is the frequency related to
the radiation maximum. According to the inverse Fourier
transform, the electrical field in the time domain is given
by

EΘc(t) =
η0d33U0L

π3/2nIRRc2τ3
eff

·
[
1− 2

t2R
τ2
eff

]
e
−
„

t2R
τ2

eff

«

(25)
with tR = t−nTHzR/c. Fig. 3 (a) shows the electric field
of the generated pulse for three different optical pulse
durations τL = 60, 100, and 150fs and a beam radius of
r0 = 15 µm. The electrical field in the time domain con-
sists of a single cycle of the electrical field and is propor-
tional to the second-order time derivative of the optical
pulse envelope with a duration of τeff . It is not in dis-
agreement with the result for the near-field zone where
the temporal form of the THz pulse is proportional to
the first-order time derivative of the optical pulse en-
velope[59]. According to the Huygens-Fresnel diffraction
theory the field in the far field is related to that in the
near field by a temporal derivative[16]. The calculated
spectra are shown in Fig. 3(b) for τL = 100fs and beam
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radii between r0 = 10µm and r0 = 100µm. It is seen
that the bandwidth of the spectrum and its maximum
decrease with an increasing beam radius. This is the ex-
pected result since for this case of noncollinear DFG
an additional wavevector is necessary to obtain phase
matching in the direction perpendicular to the optical
pulse propagation. Such a component is only provided
by Heisenberg’s uncertainty principle ∆k ≈ 1/r0 as dis-
cussed in section 2.

4 Periodically poled lithium niobate (ppLN)

In the previous sections it was shown that broadband
THz radiation can be obtained by OR in bulk LN. How-
ever, narrowband THz radiation is required for many
applications. Because OR is in essence DFG between
spectral components of a transform-limited pulse, quasi-
monochromatic THz radiation can be obtained by en-
suring a phasematched interaction for a narrow THz fre-
quency region. Lee and co-workers[41] demonstrated op-
tical rectification in periodically poled lithium niobate
(ppLN) resulting in narrowband THz generation. The
bandwidth of the obtained radiation was determined by
the length of the crystal that was limited due to the
strong absorption of THz waves in the ppLN crystal.
Later cryogenic cooling of the crystal was used to reduce
the THz absorption and thereby to improve the spectral
characteristics and efficiency of the THz wave genera-
tion[61]. To overcome the absorption problem the sur-
face emitting geometry of DFG was suggested [50] and
experimentally demonstrated by optical rectification of
100-fs-pulses in ppLN[37]. The generated THz-wave was
emitted perpendicular to the lateral surface of the ppLN
and its absorption was reduced considerably due to the
short path length in the crystal.
The features of such surface-emitted THz-wave genera-
tion are analyzed in the following section 4.1. The OR
of a fs-pulse in aperiodically poled lithium niobate (Ap-
pLN) is considered in section 4.2. Using an AppLN crys-
tal allows to obtain THz radiation with a predefined
shape of the temporal envelope which is important in
spectroscopy and communication.
In section 2 the simple consideration of OR has shown
that a sharply focused laser beam should be used to
emit a rectified field in the direction perpendicular to
the lateral surface of a ppLN. Ultimate limits are the
crystal length and the energy of the laser pulse, due to
the beam divergence and the potential of a crystal dam-
age, respectively. These problems can be overcome by
using LN with more complex so-called slanted-stripe- or
chessboard- poling structure. The OR of fs-pulses in such
2 dimensional (2D) ppLN crystals is finally considered
in section 4.3.

4.1 Optical rectification in surface emitting geometry

We start from Eqn. (12) by expressing the nonlinear co-
efficient of a ppLN with a duty cycle of 50% in the form
of a Fourier series

d(x) =
4d33

π

[
cos(kΛxx) +

1
3

cos(3kΛxx) + ...

]
(26)

where kΛx = 2π/Λx is the wavenumber corresponding
to the periodic structure with a period of Λx and d33 is
the nonlinear coefficient of bulk lithium niobate. By con-
sidering only the first term of Eqn. (26) and integrating
Eqn. (12) over the crystal length, the electrical field is
given in the same form as in Eqn. (21). But the factor
F (ω, Θx) is now defined by

F (ω,Θx) =
2
π

sinc

[
∆nL

2c

(
ω − 2πc

Λx∆n

)]
(27)

Here the second summand is omitted because it is a
mirror copy of the first (written) item for a negative
frequency ω. Similar to section 3.2, we consider here
that the generated spectrum is mainly determined by
F (ω, Θx), as it is illustrated in Fig. 4. Therefore the cen-
tral frequency of the generated spectrum is determined
by the maximum of the factor F (ω,Θx) and it is given
by

ω0 =
∣∣∣∣

2πc

Λx(ng − nTHz cosΘx)

∣∣∣∣ . (28)

Thus the central frequency ω0 of the narrow-band ra-
diation is determined by the spatial period Λx and the
direction of field propagation Θx. From Eqn. (28) fol-
lows that for a generated THz wavelength λ0 = 2πc/ω0

in a direction perpendicular to the optical pulse prop-
agation (Θx = π/2), the period should be chosen as
Λx = λ0/ng. For example, in the case of λ0 = 300µm
(or ν0 = ω0/2π = 1THz) the corresponding period is
Λx = 130µm.
The above formula indicates that the dependence ω0 =
ω0(Θx) has a singularity (ω0 → ∞), if the angle of
the field observation is equal to the Cherenkov angle
(Θx → arccos(ng/nTHz)) in a uniformly poled LN crys-
tal. However the assumption that the generated spec-
trum is determined by F (ω, Θx) is not true if the fre-
quency ω0 À ωm (where ωm = 2/τeff is the frequency
related to the maximum of the factor G′(ω,Θxc)) and it
is impossible to satisfy the condition r0 ¿ λ0/nTHz as
well.
For practical purposes, the most interesting cases are
Θx = 0, Θx = π and Θx = π/2, since no refraction at
the boundaries of ppLN to air occurs. The surface emit-
ting geometry Θx = π/2 offers the possibility to partly
overcome the high absorption of LN, by concentrating
the optical beam close to the lateral surface of the ppLN.
The path length of the generated THz wave within the
crystal is reduced considerably and therefore the decay
of the THz wave can be avoided. The two other cases
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Θx = 0 and Θx = π have been already analyzed in de-
tail in various publications [61,62], but they can easily
be discussed in the same way as the surface emitting
geometry is discussed in the radiative antenna model.
Therefore we shall exemplary focus the discussion on
the interesting surface emitting geometry Θx = π/2.
Similar to the previous section we will start with a dis-
cussion of the spectral properties and the bandwidth of
the obtained THz radiation. From Eqn. (28) follows that
the bandwidth of the radiated spectrum at the 3 dB level
is given by

∆ω = 0.884
Λx

L
ω0 (29)

and therefore the relative bandwidth δ0 = ∆ω/ω0 de-
pends only on the number of domains N = 2L/Λx in
the ppLN. Though the relative bandwidth is indepen-
dent of the angle of the field propagation, the smallest
value of δ0 is expected for the surface emitting geometry
Θx = π/2. In this case the effective length of the crystal
is not limited by the absorption of the THz wave as it is a
problem for the collinear geometry Θx = 0. In that case
the longest path length L is limited by the absorption
L ≈ 2/α. Herein α denotes the absorption coefficient of
LN.
According to Eqn. (21), the efficiency of surface-emitted
THz wave generation at a frequency ω0 is determined
by the factor G′(ω0) = ω2

0 exp
[−ω2

0

(
τ2
L + τ2

r

)
/4

]
with

τr = nTHzr0/
√

2c. Since lasers with femtosecond pulse
duration τL are commercially available, the problem of
getting a high efficiency is mainly connected with the ne-
cessity of a small τr and therefore with small beam waist
r0. Only if r0 ¿ lp =

√
2cτL/nTHz the efficiency on the

THz generation is independent on the optical beam waist
r0. For a pulse duration of τL = 150fs a beam waist of
r0 ¿ 13µm is necessary. Certainly this condition can be
satisfied for a very short distance in the crystal. But the
degree of monochromaticity of the THz radiation will be
low according to Eqn. (29), due to the small number N
of contributing domains. In the case of r0 = lp the ef-
fective pulse duration τeff =

√
τ2
L + τ2

a increases by a
factor of

√
2 above that of r0 ¿ lp. Therefore it is expe-

dient to use optical beams with beam waists in the range
of 0.5 · lp to 2 · lp depending on the required efficiency
and the bandwidth of THz-wave generation. This esti-
mation shows that the optical beam size in the scheme of
surface-emitted OR should be a few ten microns. It limits
the number of domains N of a ppLN structure that may
effectively participates in THz emission and the energy
of the laser pulse, due to the beam divergence and the
potential of a crystal damage, respectively. This prob-
lem can be avoided by using tilted or chessboard ppLN
crystals (see section 4.3).
For the moment we will focus the discussion to the tem-
poral form of a THz pulse generated in a ppLN in the
surface emitting geometry. The Fourier transform of Eqn.
(12) with the factor F (ω, Θx) given by Eqn. (27) and

Θx = Θz = π/2 results in:

Ez(t, R) = [σ(tR)− σ(tR − τimp)] Em cos ω0tR (30)

where Em = U0η0d33
π2RcnIRng

G(ω0) and τimp = ngL
c are the

amplitude and the duration of the envelope of the THz-
frequency pulse respectively. σ(t) denotes the Heavy-
side (unit step) function. The calculated dependence of
Ez(t) is illustrated in Fig. 5. The calculation was per-
formed with U0 = 100nJ , d33 = 168pm/V , R = 10cm,
Λx = 127µm, τeff = 200fs and L = 5.4mm. From Fig.5
it is obvious that the amplitude of the narrow-band ra-
diation is about 1.1V/cm and the duration of the THz-
frequency pulse is determined by the passage time of
the pump pulse through the ppLN crystal. The ratio of
the pulse duration τimp to the half-period T/2 = π/ω0

of the generated field is equal to the number of ppLN’s
domains, N . Therefore, each domain of the ppLN struc-
ture generates a half-period of the narrow-band THz ra-
diation. This result is useful to obtain a picture of the
domain distribution of a poled LN by THz wave form
measurements [63], or to generate a THz wave with pre-
defined shape of the envelop.
To roughly estimate the energy of the generated pulse
we consider a THz beam with a cross-section area of
S = 3cm2 at a distance R = 10cm from the crystal.
This corresponds to a solid angle of Ω0 = 0.03 sr in free
space or Ωin ≈ Ω0/nTHz = 5.7 · 10−3 inside the crystal.
It is possible to consider that the amplitude of the field
is nearly constant within a small solid angle Ωin and
therefore to present the peak THz power in the form
PFS = nTHzE

2
mST/2η0 with the Fresnel transmittance

coefficient T = 4nTHz/(nTHz +1)2. By substituting here
the earlier calculated electrical field Em = 1.1V/cm, the
peak THz power is roughly estimated to 13 mW. The
duration of the THz pulse in the case of a 5.4mm long
crystal is τimp = Lng/c = 41.4ps. The THz pulse en-
ergy is estimated to eTHz = 0.5pJ corresponding to an
energy conversion efficiency of 1.25 · 10−5 of the pump
energy to THz pulse energy.

4.2 Optical rectification in aperiodically poled lithium
niobate (AppLN)

So far we discussed the broadband THz radiation gener-
ated by non phase matched optical rectification, Cherenkov
type radiation in bulk LN and narrowband THz radia-
tion obtained by quasi phase matched optical rectifica-
tion in ppLN. Single cycle broadband as well as tun-
able narrowband THz radiation have attracted great in-
terest for a wide variety of applications. But THz-wave
generation with a predefined shape of the temporal (or
spectral) envelop is interesting for various applications
[64] like molecular spectroscopy, communication and fu-
ture electronics. Arbitrary THz waveforms have been ob-
tained by using chirped fs-pulses [65] or by OR of stan-
dard fs-pulses in aperiodically poled LN (AppLN) [19].
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The last method seems to be preferable, because it does
not require a complex scheme for a predefined chirp of
the fs-pulse. It is based on the fact that a THz wave-
form generated in ppLN is corresponding to the domain
structure of the crystal. Lee and co-authors [19] have
demonstrated that the THz waveforms generated by OR
of standard fs-pulses replicate the domain structures of
the used AppLNs. Recently the features of complex THz
waveforms generation in AppLN has been theoretically
considered as well [66]. Both papers focus on the THz
generation in a direction parallel to fs-pulse propagation.
This geometry has again the disadvantage that for the
different frequency components as well as for the partial
waves generated from different positions in the AppLN
significantly varying absorption losses occur. Therefore
only the remaining part of the radiation contributes to
the interference. The surface emitting geometry which
has already been discussed for THz narrow band gener-
ation in ppLN allows to overcome this problem. To calcu-
late the THz waveform generated in the surface-emitted
geometry we divide the integral in Eqn. (12) over the
whole crystal length in a sum of integrals over the length
of the separate domains lm with an aggregate number
of N . Such an approach was earlier used to take into
account the change of the optical beam radius as a con-
sequence of the focusing into the ppLN crystal[49].The
electrical field in the frequency domain is given by:

Ez(ω, R) =
η0U0d33

2c2πnIR
· e−ikR

R
ω2e−ω2 τ2

eff
4

·
N∑

m=1

(−1)me−
iωng

c xm

∫ lm

0

e−
iωng

c x′dx′

(31)

where lm is the length of the m-th domain starting from
the position:

xm =
m−1∑

j=1

lj (32)

and x1 = 0. Similar to the approach used in section 3.1
the electrical field in the time domain is given by

Ez(t, R) =
η0U0d33

Rπ3/2cnIRng

·
N∑

m=1

(−1)m

[
(tR − tm+1)

τ3
eff

e
− (tR−tm+1)2

τ2
eff

− (tR − tm)
τ3
eff

e
− (tR−tm)2

τ2
eff

]

(33)

with the retarded time tR = t − nTHzR/c and tm =
ngxm/c. The obtained expression allows to calculate the
waveform of the THz radiation generated by an AppLN
crystal given by the definition of a suitable aperiodicity
in lm.

Exemplary we will discuss the results of the calculations
for two different AppLNs. The first type of an AppLN is
a ppLN with missing domains in the central part of the
periodic structure. Fig. 6 (a) shows a plot of the elec-
trical field generated by a ppLN containing 18 domains
with a length of 63.5µm each. In Fig. 6 (b) a similar
picture is presented for a structure in which the domain
in the center of the crystal m = 10 is not inverted. Both
plots were calculated using Eqn. (33) for a pulse dura-
tion of 75fs and a beam radius of r0 = 20µm at the
beam waist. As expected the missed domain inversion
results in an modified electrical field at a position in the
center of the THz pulse corresponding to the position of
the missing domains.
A more general type of aperiodicities is to modify the
length of each domain and therewith the delay of the
particular cycles in the generated electrical field.
While for ppLN it is adequate to select exemplary one
poling period to plot and to discuss the resulting electri-
cal field, the calculation and discussion of the electrical
field generated in AppLN is only possible for a concrete
definition of lm. This is in particular true since the elec-
trical field in the time domain is a direct map of the
poling structure. For a visualization of an AppLN (a sim-
ilar structure will be also discussed in the experimental
part of this paper [51]) we used the domain structure de-
fined by Tab. 1. The resulting electrical field amplitude
is plotted in Fig. 7(b). To compare the obtained result
with a periodic structure the electrical field of an ppLN
with Λ = 155µm is plotted in Fig. 7 (a). Both struc-
tures consist of 48 domains, a delay of 0ps correspond to
the domain with m = 1. The electrical field of the ape-
riodicity shows that for small delays corresponding to
smaller periods the duration of the cycles is compressed
while as for longer delays (longer periods) the duration
is stretched.

4.3 Optical rectification in slant-stripe-type and 2D
ppLN crystals

As discussed in section 2 the efficiency of the THz wave
generation strongly decreases for emission in a direction
different from the fs-pulse propagation, if the optical
beam waist becomes equal or larger than the radiated
wavelength. One of the ways to overcome this problem is
using fs-pulses with tilted pulse fronts[12]. It has allowed
to generate 250nJ of broadband THz radiation (THz-
pulses) by Cherenkov-type optical rectification of 500µJ
optical pulses with a beam spot area of 1.2mm2[67].
In the case of narrow band THz-wave generation the sim-
plest way is to use the tilted (TppLN) or chessboard 2D
ppLN crystals. A sketch of the appropriate poling struc-
ture is shown in Fig. 1(e) and 1(f). In such crystals there
is no necessity to use a sharply focused optical beam,
because the periodical sign-modulation of the nonlinear
coefficient d33 exists in the direction of THz emission as
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well.
A crucial question for efficient generation of THz ra-
diation is the momentum compensation of the surface-
emitted THz-photons, thus it is instructive to have a
closer look to the wavevector relations for the discussed
cases. The wavevector diagrams for the generation of
THz-radiation with a frequency ω0 for common, 2D ppLN
(chessboard-type) and tilted (slant-stripe-type) poling
structures are shown in Fig. 8(a), Fig 8(b) and Fig 8(c)
respectively. For all three cases the momentum conser-
vation rule obtained from Eqn. (16) gives:

k(Ω + ω0)− k(Ω) = kΛx (34)

where kΛx is given by kΛx = 2π/Λx in the cases of com-
mon and 2D ppLN structures and kΛx

= 2π/Λ · cos α
for a ppLN crystal with tilted domain walls. The an-
gle α is taken in respect to the direction of the opti-
cal beam propagation. Writing Eqn. (34) in the form
k(Ω + ω0) − k(Ω) ≈ ω0ng/c, results again in Eqn. (28)
for the direction Θx = π/2. Therefore, similar to the
case of a common ppLN structure, the required period
of a 2D ppLN in the direction of the optical pulse prop-
agation (x-axis) is given by Λx = λ0/ng. Similarly in
the case of a tilted ppLN structure the periodicity along
x-axis has to be Λ/ cosα = λ0/ng.
More interesting is the period of a 2D ppLN crystal along
the y-axis (direction of THz-wave emission). It should
be chosen as Λy = λTHz, which allows to compensate
the THz wavevector k = 2π/λTHz inside the crystal
by the grating vector kΛy = 2π/Λy. In the case of a
tilted ppLN crystal the THz wavevector should be com-
pensated by the corresponding projection of the grating
vector k = kΛ sin α. Last condition with Eqn. (34) de-
termines the required tilting angle as

tan α =
k

k(Ω + ω0)− k(Ω)
≈ nTHz

ng
. (35)

Note that in contrast to common and 2D ppLN crystals
a tilted ppLN cannot simultaneously emit THz waves
into two opposite (positive and negative) directions of
the y-axis. This is due to its asymmetry with respect to
the propagation of the optical pulse.
From the wavevector discussion we obtained the design
parameters for optimal structures. Now it is useful to fo-
cus again on the spectral and temporal properties of the
generated radiation. Exemplary we will focus the dis-
cussion to 2D (chessboard) ppLN, but the result can be
translated to the slanted-stripe type as well. To calcu-
late the spectrum radiated by a 2D ppLN the nonlinear
coefficient d(x, y) is expressed in the form of a Fourier
series as

d(x, y) =
(

4d33

π

)2

cos(kΛxx) cos(kΛyy) (36)

where again the higher-order terms are neglected.
Eqn.(36) substituted in Eqn.(8) result in

EΘ(ω,Θx, Θy) =
η0d33U0L

π2c2nIR
· e−ikR sin Θz

R
ω2e−

ω2(τ2
L+τ2

z )
4

· F (ω, Θx)Y (ω, Θy)
(37)

where ky = k cosΘy is the projection of the THz wave
vector on the y-axis. The parameter τz results from Eqn.
(11), and the factor Y (ω,Θy) is given by

Y (ω, Θy) = e−
(ky−kΛy

)2r2
y0

8 + e−
(ky+kΛy

)2r2
y0

8 . (38)

These equations indicate that in the case of a chosen
period Λy = λTHz the factor Y (ω,Θy) gets its maxi-
mal value (close to 1) in the directions parallel to the
y-axis. So for the considered direction (Θz = Θx = π/2)
Eqn.(37) can be rewritten as

Ez(ω, R) =
2η0d33U0L

π3c2nIR
· e−ikR

R
ω2e−

ω2(τ2
L)

4

· sinc

[
ngL

2c

(
ω − 2πc

Λxng

)] (39)

The obtained relation shows that a narrow band THz-
wave with a wavelength in free space of λ0 = Λxng =
ΛynTHz is generated independent of the beam waist sizes
ry0 and rz0 . Therefore the optical beam with high energy
and a wide aperture can be used to avoid optical damage
of the crystal and worse beam divergence as well.
It is instructive to estimate the electrical field strength
and energy of the THz-frequency pulse in the case of a
kHz amplified system as a pump source. From the inverse
Fourier transform of Eqn.(39) follows that the amplitude
of the narrow band radiation is given by

Em =
2η0d33U0

Rπ3cnIRng
ω2

0e−
ω2
0τ2

L
4 (40)

By substituting here R = 10cm, d33 = 168pm/V , ν0 =
ω0/2π = 1.5THz (i.e. Λx = 86.7µm, Λy = 38.5µm), and
the parameters of the laser pulse U0 = 500µJ , τL = 90fs
(similar the values to used in Ref. [64]), we obtain Em ≈
10kV/cm.
The spectral density of the energy radiated in the direc-
tion Θz = φ = π/2 within an angular width of ∆Θz =
∆φ = ψ in the crystal (or ψFS ≈ nTHzψ in free space)
is determined by

eTHz(ν, ψ) =
1

2η0

∫ (π+ψ)/2

(π−ψ)/2

R2dΘz

·
∫ (π+ψ)/2

(π−ψ)/2

|Ez(ν, Θz, φ|2dφ

(41)

The calculated dependence eTHz(ν0, ψ) on the THz-wave
collection angle ψ for ν0 = 1.5THz is presented in Fig. 9.
For the calculation the parameters mentioned above, a
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beam radius of ry0 = rz0 = 0.5mm and a crystal length
of L = 5.4mm have been used. As expected the radi-
ated energy increases with an increasing collection an-
gle. However this dependence is saturated for an angle of
nearly 4◦ which corresponds to the angular width of the
radiation pattern. Note that according to Eqn. (29) the
waves with different central frequencies ν0 are radiated
in different direction and thus the bandwidth of the gen-
erated radiation decreases with a reduced angle ψ. This
behavior is illustrated in Fig. 10, where the dependen-
cies of Q(ν) = eTHz(ν, ψ)/eTHz(ν0, ψ) on the frequency
ν for ψ = 4◦ and ψ = 0.5◦ is plotted. For the first case
the radiated bandwidth is approximately 62 GHz and
for the second case it is 22 GHz. However, a narrowing
of the bandwidth by a reduction of the collection angle
ψ is accompanied by a decrease of the maximal spec-
tral density eTHz(ν0, ψ). Last value is nearly 5.5 times
higher in the first case (ψ = 4◦) compared to that of
the later case (ψ = 0.5◦). Such a behavior can be easily
explained. In 2D ppLN (designed for the frequency ν0)
the spectral component at the frequency ν0 propagates
in the direction ψ = 90◦ though there is an emission
with a comparable low efficiency in other slightly differ-
ent directions as well. The reduction of the THz-wave
collection angle ψ prevents the passage of spectral com-
ponents with frequencies different from the designed ν0.
However the contribution of the frequency-component ν0

that is emitted into a direction distinct from ψ = 90◦ is
simultaneously decreased.
The calculation of the area under the curve of eTHz(ν, ψ)
for the case of ψ = 4◦ results in an estimated energy of
the 1.5THz-frequency pulse of 425nJ . That corresponds
to an energy conversion efficiency of 8.5·10−4 or a photon
conversion efficiency of about 21% since the wavelength
of the THz radiation is 250 times smaller than the wave-
length of the pump light around 800nm. While these es-
timated values are close to reported ones for broadband
THz-wave generation by OR with the use of a tilted pulse
front [12,64], the spectral density is higher more than an
order of magnitude.
In conclusion, it is shown that the application of a 2D-
ppLN crystal in the scheme of optical rectification of fs-
pulses, allows to use a wide-aperture optical beam. This
results in the generation of narrow band THz radiation
with high efficiency of the optical-to-THz conversion in
addition to the reduction of THz-wave absorption.

5 Conclusion

In conclusion we have discussed and compared theoret-
ical schemes to generate THz waves in optical nonlin-
ear crystals using fs-NIR-radiation in bulk, periodically,
aperiodically and 2D poled LN. Based on the radiat-
ing antenna model analytical equations for the electrical
field were derived both in the time and the frequency do-
main. In contrast to recently published theoretical dis-
cussions[4,14,16,41–44] all calculations presented in this

paper were performed taking into account the diffraction
of the THz waves.
Since optical rectification of fs-pulses in an optical non-
linear crystal is in fact DFG between particular compo-
nents within the spectrum of the fs-pulse, the calculated
electrical field for all these cases in the frequency domain
is very similar (see Eqn. (21)):

EΘ(ω, R,Θx) ≈ G(ω, Θx) ·H(ω, r0) · F (ω, Θx)

From particular interest is the factor G(ω, τL). This fac-
tor is related to the pulse duration of the NIR pulse
and limits the maximum possible bandwidth. The fac-
tor H(ω, r0) is one for collinear DFG and it is smaller
than one for the other geometries considered in this pa-
per. It describes the necessity of an additional wavevec-
tor component in the propagation direction of the THz
beam different to the propagation direction of the fs-
pulse. This factor combined with G(ω, Θx) results in an
effective (longer) pulse duration and therewith in typical
smaller bandwidth of the THz radiation. This behavior
was explained in the wavevector picture as well as in
a classical description in the radiative antenna model
by interference of partial waves. The various different
schemes mainly differ in the last factor F (ω,Θx). This
factor is one for (phasematched) Cherenkov radiation re-
sulting in a broadband spectrum limited only by the ef-
fective pulse duration. For periodically or aperiodically
structured samples this function determines the band-
width and the center frequency of the emitted THz ra-
diation. For the 2D ppLN the dependence of the energy
density on the THz-wave collection angle as well as the
normalized radiant energy depending on the THz fre-
quency has been derived and discussed.
The Fourier transform of the electrical field results in the
electrical field in the time domain. While the Cherenkov
scheme in bulk LN produces a single cycle THz pulse, the
THz generation in periodically and aperiodically poled
LN results in a THz pulse containing multiple cycles.
The number of the cycles is related to number of do-
mains, since every domain produces a half cycle in the
electrical field. This offers the opportunity to predesign
the bandwidth of the THz radiation (ppLN and AppLN)
as well as the shape of the electrical field (AppLN). Both
has been calculated and discussed analytically in detail.
Despite these results were discussed for LN, they can
easily be applied to other nonlinear materials like GaAs,
which has a strongly reduced absorption coefficient at
THz frequencies.
An overview and a detailed discussion on the experimen-
tal realizations and results is given in part two [51].

References

1. J. Xu, C. Zhang, and X. Zhang, Prog. Nat. Sci. 12, 729
(2002).



Generation of THz radiation using bulk, periodically and aperiodically poled lithium niobate. 11

2. D. Grischkowsky, S. Keiding, M. van Exter, and C. Fat-
tinger, J. Opt. Soc. Am. B 7, 2006 (1990).

3. F. J. and Schulkin B. and Huang F. and Gary D. and
Barat R. and Oliveira F, Semicond. Sci. Technol. 20,
S266 (2005).

4. T. Yajima and N. Takeuchi, Jpn. J. Appl. Phys. 9, 1361
(1970).

5. J. Shikata, K. Kawase, K. Karino, T. Taniuchi, and
H. Ito, IEEE. Trans. Microwave. Theory. Tech 48, 653
(2000).

6. Y. Shen, Prog. Quantum Electron. 4, 207 (1976).
7. L. Xu, X. C. Zhang, and D. H. Auston, Appl. Phys. Lett.

61, 1784 (1992).
8. J. Khurgin, Comparison of different optical methods of

thz generation, in Proc. SPIE,v. 3824, pp. 128–139, 1999.
9. K. Sakai, Terahertz optoelectronic, Springer Verlag,

Berlin, 2005.
10. W. Shi, Y. Ding, N. Fernelius, and K. Vodopyanov, Opt.

Lett. 27, 1454 (2002).
11. Y. Sasaki, Y. Avetisyan, H. Yokoyama, and H. Ito, Opt.

Lett. 30, 2927 (2005).
12. J. Hebling, A. Stepanov, G. Almaasi, B. Bartal, and

J. Kuhl, Appl. Phys. B 78, 593 (2004).
13. M. Theuer, G. Torosyan, C. Rau, R. Beigang, K. Maki,

C. Otani, and K. Kawase, Appl. Phys. Lett. 88, 071122
(2006).

14. K. L. Vodopyanov, Opt. Exp 14, 2263 (2006).
15. J. Shan and T. Heinz, Top. Appl. Phys. 92, 1 (2004).
16. K. Wynne and J. J. Carey, Opt. Commun. 256, 400

(2005).
17. A. Bonvalet, M. Joffre, J. L. Martin, and A. Migus, Appl.

Phys. Lett. 67, 2907 (1995).
18. R. Huber, A. Brodschelm, F. Tauser, and A. Leitenstor-

fer, Appl. Phys. Lett. 76, 3191 (2000).
19. Y. Lee and T. Norris, J. Opt. Soc. Am. B 19, 2791

(2002).
20. J. Ahn, A. Efimov, R. Averitt, and A. Taylor, Opt. Exp

11, 2486 (2003).
21. B. Ferguson and X.-C. Zhang, Nat. Mater. 1, 26 (2002).
22. D. A. Roberts, IEEE. J. Quantum. Electron. 28, 2057

(1992).
23. A. Harada and Y. Nihei, Appl. Phys. Lett. 69, 2629

(1996).
24. L. E. Myers, R. C. Eckardt, M. M. Fejer, and R. L. Byer,

Opt. Lett. 21, 591 (1996).
25. G. D. Miller, Periodically poled lithium niobate: Mod-

elling, fabrication, and nonlinear-optical performance,
PhD thesis, Stanford University, 1998.

26. M. Yamada, N. Nada, M. Saitoh, and K. Watanabe,
Appl. Phys. Lett. 62, 435 (1993).

27. L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer,
W. R. Bosenberg, and J. W. Pierce, J. Opt. Soc. Am. B
12, 2102 (1995).

28. D. A. Bosomword, Appl. Phys. Lett. 9, 330 (1966).
29. M. Schall, H. Helm, and S. Keiding, Int. J. Infrared

Millimeter Waves 20, 595 (1999).
30. L. Palfalvi, J. Hebling, J. Kuhl, A. Peter, and K. Polgar,

J. Appl. Phys. 97, 123505 (2005).
31. G. A. Askaryan, Sov. Phys. JETP 15, 943 (1962).
32. D. A. Bagdasaryan, A. H. Makaryan, and P. Pogosyan,

JETP. Lett 37, 594 (1983).
33. D. N. Auston, Appl. Phys. Lett. 43, 713 (1983).

34. J. A. Armstrong, N. Blombergen, J. Ducuing, and P. S.
Pershan, Phys. Rev. 127, 1918 (1962).

35. M. M. Fejer, G. A. Magel, D. H. Jundt, and R. L. Byer,
IEEE. J. Quantum. Electron. 28, 2631 (1992).

36. Y. Avetisyan, Y. Sasaki, and H. Ito, Appl. Phys. B 73,
511 (2001).

37. C. Weiss, G. Torosyan, Y. Avetisyan, and R. Beigang,
Opt. Lett. 26, 563 (2001).

38. L. A. Eyres, P. J. Tourreau, T. J. Pinguet, C. B. Ebert,
J. S. Harris, M. M. Fejer, L. Becouarn, B. Gerard, and
E. Lallier, Appl. Phys. Lett. 79, 904 (2001).

39. K. L. Vodopyanov, M. M. Fejer, D. M. Simanovskii,
V. Kozlov, and Y.-S. Lee, Conference on Lasers and
ElectroOptics, Tech. Dig. (Optical Society of America,
Washington DC) , paper CWM1 (2005).

40. A. Schneider, M. Neis, M. Stillhart, B. Ruiz, R. Khan,
and P. Gunter, J. Opt. Soc. Am. B , DOCID 67685
(2006).

41. Y. Lee, T. Meade, V. Perlin, H. Winful, T. Norris, and
A. Galvanauskas, Appl. Phys. Lett. 76, 2505 (2000).

42. Y. Ding, Opt. Lett. 29, 2650 (2004).
43. J. . Faure, J. van Tilborg, R. A. Kaindl, and W. . P.

Leemans, Opt. Quantum Electron. 36, 681 (2004).
44. G. H. Ma, S. H. Tang, G. K. Kitaeva, and I. I. Naumova,

J. Opt. Soc. Am. B 23, 81 (2006).
45. F. Zernike and P. Berman, Phys. Rev. Lett. 15, 999

(1965).
46. J. Morris and Y. Shen, Phys. Rev. A 15, 1143 (1977).
47. J. Z. Xu and X.-C. Zhang, Opt. Lett. 27, 1067 (2002).
48. P. K. Tien, R. Ulrich, and R. J. Martin, Appl. Phys.

Lett. 17, 447 (1970).
49. Y. Avetisyan, C. Weiss, G. Torosyan, and R. Beigang,

Generation of narrow-band thz radiation by surface emit-
ted optical rectification in periodically poled lithium nio-
bate, in Multifrequency Electronic/Photonic Devices and
Systems for Dual-Use Application, Proc. SPIE, 4490,
134-142, edited by A. Pirich and P. Repak, 2001.

50. Y. H. Avetisyan and K. N. Kocharian, A new method of
terahertz difference frequency generation using periodi-
cally poled waveguide, in CLEO 1999 Technical Digest,
pp. 380–381, 1999.

51. J. A. L’huillier, G. Torosyan, M. Theuer, C. Rau,
Y. Avetisyan, and R. Beigang, to be published (2006).

52. J. A. Straton, Eectromagnetic Theory, Mc-Graw-
Hill,New York, 1941.

53. D. H. Auston, K. P. Cheung, J. A. Valdmanis, and D. A.
Kleinman, Phys. Rev. Lett. 53, 1555 (1984).

54. C. Fattinger and D. Grischkowsky, IEEE. J. Quantum.
Electron. 25, 2608 (1989).

55. Y. Sasaki, Y. Avetisyan, K. Kawase, and H. Ito, Appl.
Phys. Lett. 81, 3323 (2002).

56. D. N. Auston, K. P. Cheung, and P. R. Smith, Appl.
Phys. Lett. 45, 284 (1984).

57. P. U. Jepsen, R. H. Jacobsen, and S. R. Keiding, J. Opt.
Soc. Am. B 13, 2424 (1996).

58. J. A. Valdmanis, G. A. Mourou, and C. W. Gabel, IEEE.
J. Quantum. Electron. QE-19, 664 (1983).

59. D. H. Auston and M. C. Nuss, IEEE J. Quantum Elec-
tron. 24, 184 (1988).

60. X.-C. Z. Q. Wu, Opt. Quantum Electron. 28, 945 (1996).
61. Y. Lee, T. Meade, M. DeCamp, T. Norris, and A. Gal-

vanauskas, Appl. Phys. Lett. 77, 1244 (2000).



12 J. A. L’huillier et al.

62. T. Yajima and N. Takeuchi, Jpn. J. Appl. Phys. 9, 1361
(1970).

63. Y. S. Lee, T. Meade, M. L. Naudeau, T. B. Norris, and
A. Galvanauskas, Appl. Phys. Lett. 77, 2488 (2000).

64. T. Bumaa and T. B. Norris, Appl. Phys. Lett. 87, 251105
(2005).

65. A. S. Weling, B. B. Hu, N. M. Froberg, and D. H. Auston,
Appl. Phys. Lett. 64, 137 (1994).

66. X. Liu, J. Wu, W. Duan, and B. Gu, J. Appl. Phys. 97,
114108 (2005).

67. A. Stepanov, J. Kuhl, I. Kozma, E. Riedle, G. Almasi,
and J. Hebling, Opt. Exp 13, 5762 (2005).

Table 1 Coherence lengths used for the calculation of the
electrical field amplitude of an AppLN (see text for details).

m Λ = 2 · lc[µm]

1 to 8 137
9 to 16 150
16 to 24 163
25 to 32 176
33 to 40 189
41 to 48 203

Tables
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