
J. Appl. Phys. 104, 093105 (2008); https://doi.org/10.1063/1.3005987 104, 093105

© 2008 American Institute of Physics.

Efficient Cherenkov emission of broadband
terahertz radiation from an ultrashort laser
pulse in a sandwich structure with nonlinear
core
Cite as: J. Appl. Phys. 104, 093105 (2008); https://doi.org/10.1063/1.3005987
Submitted: 15 May 2008 • Accepted: 09 September 2008 • Published Online: 05 November 2008

S. B. Bodrov, M. I. Bakunov and M. Hangyo

ARTICLES YOU MAY BE INTERESTED IN

Efficient Cherenkov-type terahertz generation in Si-prism-LiNbO3-slab structure pumped by

nanojoule-level ultrashort laser pulses
Applied Physics Letters 101, 151102 (2012); https://doi.org/10.1063/1.4757882

Efficient generation of Cherenkov-type terahertz radiation from a lithium niobate crystal with
a silicon prism output coupler
Applied Physics Letters 88, 071122 (2006); https://doi.org/10.1063/1.2177540

Enhanced Cherenkov phase matching terahertz wave generation via a magnesium oxide
doped lithium niobate ridged waveguide crystal
APL Photonics 2, 016102 (2017); https://doi.org/10.1063/1.4968043

https://images.scitation.org/redirect.spark?MID=176720&plid=1735779&setID=379065&channelID=0&CID=634322&banID=520620674&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6b0013d49ee81c69d044940f27c0125e8d5d32bc&location=
https://doi.org/10.1063/1.3005987
https://doi.org/10.1063/1.3005987
https://aip.scitation.org/author/Bodrov%2C+S+B
https://aip.scitation.org/author/Bakunov%2C+M+I
https://aip.scitation.org/author/Hangyo%2C+M
https://doi.org/10.1063/1.3005987
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.3005987
https://aip.scitation.org/doi/10.1063/1.4757882
https://aip.scitation.org/doi/10.1063/1.4757882
https://doi.org/10.1063/1.4757882
https://aip.scitation.org/doi/10.1063/1.2177540
https://aip.scitation.org/doi/10.1063/1.2177540
https://doi.org/10.1063/1.2177540
https://aip.scitation.org/doi/10.1063/1.4968043
https://aip.scitation.org/doi/10.1063/1.4968043
https://doi.org/10.1063/1.4968043


Efficient Cherenkov emission of broadband terahertz radiation
from an ultrashort laser pulse in a sandwich structure
with nonlinear core

S. B. Bodrov,1,2 M. I. Bakunov,2,1,a� and M. Hangyo3

1Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod 603950, Russia
2University of Nizhny Novgorod, Nizhny Novgorod 603950, Russia
3Laser Terahertz Division, Institute of Laser Engineering, Osaka University, Osaka, Japan

�Received 15 May 2008; accepted 9 September 2008; published online 5 November 2008�

A scheme for efficient generation of broadband terahertz radiation by a femtosecond laser pulse
propagating in a planar sandwichlike structure is proposed. The structure consists of a thin nonlinear
core cladded with prisms made of a material with low terahertz absorption. The focused into a line
laser pulse propagates in the core as a leaky or waveguide mode and emits Cherenkov wedge of
terahertz waves in the cladding. We developed a theory that describes terahertz generation in such
a structure and calculated spatial distribution of the generated terahertz field, its energy spectrum
and optical-to-terahertz conversion efficiency. The developed theory predicts the conversion
efficiency of up to several percent in a 1 cm long and 1 cm wide Si–LiNbO3–Si sandwich structure
with a 20 �m thick nonlinear layer pumped by 8.5 �J Ti:sapphire laser with pulse duration of 100
fs. © 2008 American Institute of Physics. �DOI: 10.1063/1.3005987�

I. INTRODUCTION

Optical rectification of ultrashort laser pulses in electro-
optic crystals is a proven way to generate both broad and
narrow band terahertz radiation. In this technique, the pump
optical pulse propagating through an electro-optic material
produces a nonlinear polarization that follows the intensity
envelope of the pulse. The nonlinear polarization moves with
the group velocity of the optical pulse and emits terahertz
radiation.

The efficiency of the optical-to-terahertz conversion is
essentially affected by parameters of the electro-optic mate-
rial, such as its nonlinear coefficient, velocity mismatch be-
tween the optical pulse and terahertz waves, optical transpar-
ency, and terahertz absorption. A variety of different
materials have been tested for optical rectification of ul-
trashort laser pulses �see, for example, Refs. 1 and 2�. All the
materials have some advantages and disadvantages. For ex-
ample, ZnTe provides phase matching of Ti:sapphire laser
pulses ��800 nm wavelength� with a �2.5 THz collinearly
propagating wave. However, the nonlinear coefficient of
ZnTe is not as high as in some other materials, such as
LiNbO3, LiTaO3, or DAST.3 Moreover, ZnTe suffers from
relatively high terahertz absorption ��10 cm−1 at room
temperature4,5� and strong two-photon absorption of the Ti-
:sapphire laser radiation at high laser intensities. These fac-
tors lead to saturation of terahertz yield at high laser
intensities6 and large crystal thicknesses,7 therefore, the
optical-to-terahertz conversion efficiency in ZnTe is typically
lower than 10−6−10−5.

In the materials with higher optical nonlinearities and
wider band gaps �smaller multiphoton absorption�, such as
LiNbO3 or LiTaO3, the optical group velocity is more than

two times larger than the highest phase velocity of terahertz
waves. Additionally, these materials have high terahertz ab-
sorption, especially at frequencies above 1 THz. For ex-
ample, the intensity absorption coefficient of LiNbO3 in-
creases from about 16 cm−1 at 1 THz to more than
170 cm−1 at 2.5 THz at room temperature.3,8 Despite the
mentioned drawbacks, LiNbO3 still remains an attractive ma-
terial for optical rectification and different ways to overcome
the limitations on the optical-to-terahertz conversion effi-
ciency existing in LiNbO3 and similar materials have been
developed.

To compensate the velocity mismatch, a quasi-phase-
matching schemes based on periodically poled lithium nio-
bate �PPLN� structures were proposed.9,10 Relatively high
conversion efficiencies �10−5� were reached for femtosecond
pulses at 800 nm in a PPLN structure where the terahertz
absorption was reduced by cryogenic cooling �18 K� of the
structure.11 To decrease the attenuation of the generated tera-
hertz waves in a PPLN structure, surface emission schemes
are developed.10,12 In such a scheme, the generated terahertz
wave is emitted through a lateral surface of the PPLN struc-
ture and, therefore, its propagation length in LiNbO3 is mini-
mized. Essentially, the quasi-phase-matching mechanism
does not provide an increase in the generated terahertz power
relative to the one from a single nonlinear slab. Using PPLN,
however, enables one to increase the terahertz yield via gen-
eration of multicycle �narrow band� terahertz wave packets.

Another way to achieve phase matching in the materials,
such as LiNbO3, where the optical group velocity exceeds
the phase velocity of terahertz waves �the so-called superlu-
minal materials7,13,14� is to use pump pulses with tilted
fronts.15 The operation principle has been demonstrated by
generating subpicosecond pulses at approximately 2 THz by
Ti:sapphire laser pulses in LiNbO3 with a conversion effi-
ciency of 4.3�10−5 at 77 K.16 In less absorbing LiNbO3
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crystal compositions, the efficiency was increased up to 1.7
�10−4.3 Further improvement of the conversion efficiency
up to record values of 5�10−4 and even 6�10−4 at room
temperature was reported in Refs. 17 and 18. Recently, the
technique was extended to the conversion of Yb-doped solid-
state laser pulses �1035 nm wavelength� in LiNbO3.19 The
drawback of using tilted-front pulses is that such pulses can-
not propagate for a long distance because of significant dif-
fractive distortions. This restricts the possible thickness of
the nonlinear crystal by a few millimeters.

The most simple way to achieve phase matching in a
superluminal material is the Cherenkov radiation
mechanism.20,21 To produce a Cherenkov cone of terahertz
waves, the optical pulse should be focused to a size of the
order of or smaller than the terahertz wavelength. Phase
matching is achieved between the moving optical pulse and a
plane terahertz wave propagating under a certain angle to the
laser path. Due to dispersion, a continuum of plane waves
with different frequencies and different propagating angles is
excited by the pulse. If dispersion is negligible, all plane
waves emitted from the laser pulse propagate at the same
Cherenkov angle forming a shocklike wave. The generation
of subpicosecond terahertz pulses via Cherenkov emission
from a 60 fs laser pulse in LiTaO3 was first demonstrated in
Ref. 22, then this technique became standard for generating
terahertz phonon polaritons in different crystals.14,23,24 A
theory of Cherenkov emission from ultrashort laser pulses in
electro-optic crystals has been developing in Ref. 25 and
later in Refs. 7 and 14.

A disadvantage of using Cherenkov radiation is the dif-
ficulty of extracting the terahertz pulses from the crystal due
to total internal reflection. Typically large refractive index of
the crystal at the terahertz frequencies leads to a small criti-
cal angle and the generated pulse suffers total internal reflec-
tion at the crystal boundary.26 To overcome this limitation, a
special shaping of crystals is used.12,16,17 However, in the
shaped crystal, the terahertz waves suffer strong attenuation
while traveling from the point of generation to the output
boundary of the crystal. Recently, it was proposed to put a
silicon prism on the lateral surface of a LiNbO3 crystal to
output the Cherenkov radiation27 �earlier, a Si-prism coupler
was used to output the parametrically generated terahertz
wave from a LiNbO3 crystal28�. The terahertz absorption in
high-resistivity silicon is much lower than in LiNbO3, and if
the pump laser beam in LiNbO3 is aligned parallel with and
near the LiNbO3-silicon interface, the propagation length of
the terahertz radiation in LiNbO3 is minimized. Moreover,
the terahertz refractive index of silicon is intermediate be-
tween LiNbO3 and air, therefore, the Cherenkov radiation
can propagate through the LiNbO3-silicon interface not ex-
periencing the total internal reflection. In Ref. 27, using this
scheme provided fivefold increase in the terahertz energy
compared to the generation in the shaped LiNbO3 crystal.

In this paper, we go further and propose to sandwich a
thin layer of a nonlinear medium �for example, LiNbO3� be-
tween two prisms �or a prism and substrate� made of a ma-
terial �or materials� with low terahertz absorption �for ex-
ample, high-resistivity Si�. An advantage of such a structure
is that it can constrain the pump laser pulse within the core

providing its guiding for a long distance in the form of a
waveguide or leaky mode �depending on the ratio of the
optical refractive indices of the core and cladding�. To input
the laser pulse into the structure, we propose to focus it by a
cylindrical lens onto the facet of the nonlinear core so that
the light line would be parallel to the plane of the sandwich
structure. Focusing the pump laser beam into a line can pro-
vide additional advantages for the construction of the pow-
erful terahertz source. First, it prevents the laser pulse from
the diffractive broadening in the plane of the structure, thus,
increasing the efficient length of the structure. Second, in the
case of focusing into a line, the terahertz pulse energy can be
easily scaled up by using laser pulses with higher energy and
increasing the length of the line in order to keep the optical
intensity below the damage threshold of the nonlinear core.
Third, the terahertz radiation emitted from the line source
forms in the cladding the Cherenkov wedge, i.e., a beam
having nearly flat phase front. This terahertz pattern is more
convenient for practical applications as compared to the
Cherenkov cone produced by the laser pulse focused to a
spot. The line-source geometry of Cherenkov emission in a
bulk electro-optic crystal was treated theoretically in Refs. 7
and 25 and was recently exploited for generation of terahertz
pulses in LiNbO3.29

Our generation scheme differs fundamentally from the
recently proposed schemes with metal-dielectric30,31 and
C–GaAs–C �Ref. 32� planar waveguide structures. The
above mentioned structures are designed to guide both the
pump optical pulse and the generated terahertz wave and to
provide phase matching between them. Due to the enhanced
dispersion of guided terahertz waves, such schemes are
aimed mostly at the generation of narrow band �for example,
with the duration of �30 ps �Ref. 32�� wave packets rather
than broadband terahertz pulses.

The paper is organized as follows. In Sec. II, we describe
the generation scheme and lay out the theoretical model and
basic equations. The general solution of the equations for a
generic sandwich structure by use of a Fourier-transform
technique is given in Sec. III. In Sec. IV, we analyze the
generated terahertz field, terahertz spectrum, and conversion
efficiency for a specific Si–LiNbO3–Si structure pumped by
Ti:sapphire laser �800 nm wavelength�. In Appendix A, we
give approximate formulas for the wave functions and propa-
gation constants of the symmetric modes of an oversized
dielectric slab waveguide. Optimal focusing of the pump la-
ser beam is discussed in Appendix B. We estimate the radia-
tive losses of a leaky mode of the dielectric slab waveguide
in Appendix C and influence of the photoexcited carriers on
the generated terahertz radiation in Appendix D.

II. GENERATION SCHEME AND THEORETICAL MODEL

The generation scheme is presented in Fig. 1. The sand-
wich structure consists of a planar core ��x��a /2� made of a
nonlinear material �for example, LiNbO3� and two prisms
��x��a /2� made of a material with low terahertz absorption
�for example, Si�. The thickness of the core a is assumed to
be much greater than the optical wavelength and smaller than
the terahertz wavelength �a�10–100 �m�. The facet of the
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core is illuminated normally by a femtosecond laser pulse
focused in the x-direction by a cylindrical lens. The beam
width in this direction �� can be varied to optimize the ex-
citation of the fundamental mode of the slab waveguide �see
Appendixes A and B�. In the y-direction, the beam width is
assumed to be much greater than the terahertz wavelength
�of the order of several millimeters�. This allows us to ap-
proximate it by a two-dimensional beam with fields indepen-
dent of y.

We assume that, inside the sandwich, the laser pulse
propagates in the +z-direction as the fundamental mode of
the dielectric slab waveguide with a group velocity V, and
we neglect the distortion of the pulse due to dispersion, lin-
ear absorption, and nonlinear effects, such as multiphoton
absorption and self-focusing. The corresponding constraints
on the distance z will be given further �Sec. IV�. Since the
waveguide is oversized, the fields of the optical pulse are
localized predominantly within the core ��x��a /2� and the
group velocity V is defined practically only by the material
dispersion of the core V�c /ng, where ng is the optical group
refractive index of the core and c is the velocity of light �see
Appendix A�.

We approximate the transverse profile of the fundamen-
tal mode in the core of the oversized waveguide by the func-
tion �cos��x /a� both in the case when the optical refractive
index of the core nc is greater than the optical refractive
index of the prisms np, nc�np, and in the opposite case nc

�np �Appendix A�. For nc�np, the optical pulse propagates
in the core as a waveguide mode and for nc�np as a leaky
mode. The distances z, at which the radiative losses of the
optical energy �for nc�np� can be neglected, are estimated in
Appendix C and Sec. IV. We do not account for the transient
effects at the entrance �z=0� and exit �z=L� boundaries of
the sandwich structure focusing on the stationary regime of
terahertz emission in the infinitely long structure.

The above mentioned approximations allow us to treat
the nonlinear polarization produced by the optical pulse in
the core via nonlinear optical rectification as a function of
two variables, x and �= t−z /V, i.e., PNL=PNL�x ,��. Evi-
dently, the generated by the nonlinear polarization terahertz
fields, electric E and magnetic B, depend on the same vari-
ables, E�x ,�� and B�x ,��.

To account for the dispersion of the nonlinearity, we re-
late the nonlinear polarization to the optical pulse in the Fou-

rier domain �� is the Fourier variable �frequency�, which

corresponds to � ,̃ will denote quantities in the Fourier do-
main�,

P̃NL = p���F̃���G�x� , �1�

where the function G�x� follows the transverse profile of the
optical intensity in the core. In our approximation, G�x�
=cos2��x /a� for �x��a /2 and G�x�=0 for �x��a /2 due to

linearity of the cladding. F̃��� is the Fourier transform of the
time-dependent envelope of the optical intensity. To specify
our final formulas, we will use the following Gaussian func-
tions:

F��� = e−�2/	2
, F̃��� = �	/2���e−�2	2/4, �2�

where 	 is the pulse duration �the standard full width at half
maximum �FWHM� is 	FWHM=2�ln 2	�.

The absolute value of the amplitude vector p��� can be
written via the effective nonlinear coefficient deff��� of the
core’s material and the peak amplitude of the optical field in
the core E0, p���=deff���E0

2. The orientation of the vector p
is determined by the polarization of the optical beam and
orientation of the crystallographic axes of the core. In our
general analysis, we will include all the three following com-
ponents: px, py, and pz.

To find the terahertz radiation generated by the nonlinear
polarization �1�, we use Maxwell’s equations written in the
frequency domain,

�� � Ẽ = −
i�

c
B̃ , �3a�

�� � B̃ =
i�

c

Ẽ +

4�i�

c
P̃NL, �3b�

where the nabla operator �� has components �� /�x ,0 ,
−i�V−1� and the complex dielectric function in the terahertz
range 
�� ,x� is 
c��� in the core ��x��a /2� and 
p��� in the
prisms ��x��a /2�.

III. GENERAL SOLUTION FOR GENERIC SANDWICH
STRUCTURE

Equations �3a� and �3b� projected into the coordinate
system can be separated into two independent sets, for

s-polarized waves �field components Ẽy, B̃x, and B̃z� and

p-polarized waves �field components B̃y, Ẽx, and Ẽz�.
For s-polarized waves, eliminating B̃x and B̃z using

B̃x = − ngẼy, B̃z = −
c

i�

�Ẽy

�x
, �4�

we obtain an equation for Ẽy,

�2Ẽy

�x2 + �2Ẽy = −
4��2

c2 pyF̃���G�x� . �5�

For p-polarized waves, eliminating Ẽx and Ẽz using

Ẽx =
ng



B̃y −

4�px



F̃G , �6a�

Laser pulse

V

-a/2

a/2
z

y

x THz

THz
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Nonlinear
core

Output prism

Output prism

C
yl
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dr
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al

le
ns
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FIG. 1. �Color online� Generation scheme. An optical pulse focused to a line
propagates in the nonlinear core of the sandwich structure and excites Cher-
enkov wedge of terahertz waves in the output prisms with low terahertz
absorption.
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Ẽz =
c

i�


�B̃y

�x
−

4�pz



F̃G , �6b�

we obtain an equation for B̃y,



�

�x
	1




�B̃y

�x

 + �2B̃y

= −
4��2

c2 F̃����pxngG�x� − ipz
c


�

�

�x
�G�x�




� . �7�

In Eqs. �5� and �7�, we introduced the transverse wave vector
��� ,x� given by

�2 = ��/c�2�
��,x� − ng
2� . �8�

We proceed by solving Eqs. �5� and �7� in the homoge-
neous regions ��x��a /2 and �x��a /2� and matching the so-

lutions by the boundary conditions of continuity Ẽy and B̃z

for s-polarized waves and B̃y and Ẽz for p-polarized waves
that arise after integrating Eqs. �5� and �7� across the bound-
aries at x= �a /2. We use also evenness of the function G�x�.

For s-polarized waves, we arrive at the following expres-
sions for the electric field transform:

Ẽy = �C1e−i�p�x−a/2�, x � a/2
C2e−i�cx + C3ei�cx + P�x� , �x� � a/2
C4ei�p�x+a/2�, x � − a/2,

� �9�

with

P�x� =
2��2py

i�cc
2 F̃�

−a/2

a/2

dx�G�x��e−i�c�x−x��, �10a�

C2 = C3 = C1e−i�ca/2�1 − �p/�c�/2, �10b�

C1 = C4 =
4��2py

ic2
s
F̃�

−a/2

a/2

dxG�x�ei�cx, �10c�


s = ��c + �p�ei�ca/2 − ��c − �p�e−i�ca/2. �10d�

The coefficient �p is � taken with 
=
p and �c is � taken
with 
=
c �see Eq. �8��.

For p-polarized waves, we arrive at the following ex-
pressions for the magnetic field transform:

B̃y = �D1e−i�p�x−a/2�, x � a/2
D2e−i�cx + D3ei�cx + R�x� , �x� � a/2
D4ei�p�x+a/2�, x � − a/2,

� �11�

with

R�x� =
2��2

i�cc
2 F̃�

−a/2

a/2

dx��pxngG�x��

−
ipzc

�
G��x��
e−i�c�x−x��, �12a�

D2,3 = �D4,1

2
	1 −

�p
c

�c
p

 �

2��pz

c�c
F̃G0
e−i�ca/2, �12b�

D1,4 =
4��2

ic2
c
� pxng


p
�−� �

pzc�c

�
p
�+�
F̃�

−a/2

a/2

dxG�x�ei�cx, �12c�


p
��� = 	�c


c
+

�p


p

ei�ca/2 � 	�c


c
−

�p


p

e−i�ca/2, �12d�

where G��x�� denotes the first derivative of G�x�� with re-
spect to x� and G0�G�a /2�=G�−a /2� �G0=0 in the ap-
proximation G�x�=cos2��x /a��.

It follows from Eqs. �9� and �10c� that the emission of
s-polarized waves to the prisms by the component py of the
nonlinear polarization is symmetric, C1=C4. The p-polarized
waves, according to Eqs. �11� and �12c�, are emitted sym-
metrically �D1=D4� by the component px and antisymmetri-
cally �D1=−D4� by the component pz. The waves emitted by
px,z can interfere and produce an asymmetric radiation pat-
tern.

With the solution in the Fourier-domain at hand �9�–
�12�, we can transform it to the � domain by taking the in-
verse transform in the form

Ey��,x� = �
−�

�

d�Ẽy��,x�ei��, �13�

and the same formulas used for the other fields. Our numeri-
cal calculation of the radiation pattern for a specific sand-
wich structure in Sec. IV will be based on this formula.

To find the terahertz energy emitted to the prisms from
the unit area of the core-prism interfaces, i.e., the terahertz
fluence, we integrate the �x-components of the Poynting
vector S�x= � �c /4��EyBz and S�x= � �c /4��EzBy for s-
and p-polarization, respectively, at x= �a /2 over infinite in-
terval −�����. This yields the fluence for s and p polar-
izations in �x-directions,

Ws,p
��� = �

0

�

d�ws,p
������ , �14�

where ws,p
������ is the spectral density of fluence,

ws
������ � ws��� = c�C1�2Re�
p − ng

2�1/2, �15a�

wp
������ = c�D1,4�2Re��
p − ng

2�1/2/
p� . �15b�

The total terahertz fluence W is W=2Ws+Wp
++Wp

−.
It is instructive also to present W in a different form,

W = Wx + Wy + Wz, �16�

where Wx, Wy, and Wz are the energies emitted by the px, py,
and pz components of the nonlinear polarization, respec-
tively, i.e., Wx,z=Wp

++Wp
− at px�0, pz=0 and px=0, pz�0,

respectively, and Wy =2Ws. Equation �16� follows from Eqs.
�12c�, �14�, and �15� and allows one to conclude that the
interference between the waves emitted by px on one hand
and pz on the other hand does not change the total radiated
energy but affects only the energy distribution between the
upper �x�a /2� and lower �x�−a /2� prisms. Correspond-
ingly, the spectral density of the total fluence w��� can be
presented in the form w���=wx���+wy���+wz���, where
wx,z���=wp

+���+wp
−��� at px�0, pz=0 and px=0, pz�0, re-

spectively, and wy���=2ws���.
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We introduce the optical-to-terahertz conversion effi-
ciency per unit length of the sandwich structure �along the
z-axis� as

� = W/Wopt, �17�

where Wopt is the energy of the pump optical pulse per unit
length along the y-axis. In the approximation that the optical
intensity is negligible outside the core and has a profile
�cos2��x /a� in the core and for the Gaussian time-
dependent envelope �2�, Wopt=�1/2I0a	 /2, where I0

= �cnc /8��E0
2 is the peak optical intensity.

To get an analytical insight into the dependence of the
generated terahertz spectrum and total terahertz energy on
the parameters, we neglect at first the factors of terahertz
dispersion and absorption, thus, considering 
p and 
c as real
constants. We will also neglect here the dispersion of the
nonlinearity assuming p to be frequency independent. For
convenience of the analysis, we introduce the dimensionless
parameters �c= �
c−ng

2�1/2, �p= �
p−ng
2�1/2, and �

=�a�c / �2�c�. To provide the generation of Cherenkov ra-
diation in the prisms by the laser pulse moving in the core,
the condition 
p�ng

2 should be evidently fulfilled; 
c and ng
2

may be in an arbitrary ratio.
Substituting G�x�=cos2��x /a� and Gaussian time-

dependent envelope �2� into Eqs. �10c� and �12c� and using
Eqs. �15�, we arrive at the following expression for the spec-
tral density of fluence generated by the component pj

�j=x ,y ,z� of the nonlinear polarization:

wj��� =
�2�c	�2

a
pj

2Aj� j���exp�− �2/�0
2� , �18�

where �0=a�c / �21/2�c	�,

Ax =

png

2


c
2�p�c

3 , Ay =
1

�p�c
3 ,Az =

�p


p�c
3 , �19�

the function � j��� is

� j��� = �1 − �2�−2�� j
2 + cot2�����−1, �20�

for 
c�ng
2, and

� j��� = �1 + �2�−2�� j
2 + coth2�����−1, �21�

for 
c�ng
2, with

�x = �z
−1 = 
p�c/�
c�p�,�y = �c/�p. �22�

In terms of the spectra wj���, the total terahertz fluence can
be written in the form

W = �
0

�

d��wx��� + wy��� + wz���� . �23�

According to Eq. �18�, the spectral density wj��� is a
product of two functions, Gaussian spectrum of the optical
intensity envelope exp�−�2 /�0

2� and the function � j���. The
function � j��� �normalized to unity� is shown in Fig. 2 for
two cases �
c�ng

2 and 
c�ng
2� and three different values of

the parameter � j. It is seen in Fig. 2 that for both cases and
all the values of � j the function � j��� is well localized
within the interval 0���2. For 
c�ng

2 �Fig. 2�b��, the
width of the function and position of its maximum only

slightly depend on the parameter � j. For 
c�ng
2 �Fig. 2�a��,

the effect of this parameter on the function’s shape is more
pronounced. The width of the function is maximal at � j =1
�solid line in Fig. 2�a��. From the physical point of view, it is
explained by the absence of reflection for the generated in
the core terahertz waves at the core-prism boundaries under
this condition. Indeed, according to Eq. �22�, the condition
� j =1 can be achieved in two cases. First, for any j �i.e., for
arbitrary polarization of the terahertz waves� and equal di-
electric constants of the core and the prisms, i.e., 
c=
p, and,
second, for j=x ,z at the condition 
c

−1+
p
−1=ng

−2 that corre-
sponds to the incidence of a p-polarized wave on the core-
prism boundary at the Brewster angle. Apparently, there is no
reflection in both the cases. The function � j��� becomes
narrower as � j deviates from unity that can be explained by
arising multiple reflections of the generated in the core tera-
hertz waves from the core-prism boundaries. Indeed, the re-
flections make the transmitted to the prism terahertz pulse
longer, thus, reducing the width of the pulse spectrum. It is
also seen from Fig. 2�a� that for 
c�ng

2, � j significantly af-
fects the position of the function’s maximum. For � j =1,
� j��� is maximal at �=0.84. For � j �1, the maximum shifts
with � j to larger � �dashed line, Fig. 2�a�� tending to �=1 at
� j→�. For � j �1, the main peak of � j��� shifts to smaller �
with decreasing � j and second peak appears �dotted line, Fig.
2�a��. In the limit � j→0, the main peak tends to �=0.5 and
the second peak approaches �=1.5.

For a short optical pulse with 	�a�c / �9c�, for which
�0�2, the Gaussian factor exp�−�2 /�0

2� in Eq. �18� is close
to unity in the whole interval 0���2, where the function
� j��� is not negligible. Thus, the generated spectrum wj���
is defined mainly by the function � j��� rather than the
Gaussian factor and, therefore, the terahertz fluence W is
proportional to the integral of � j��� over 0����. We
found numerically that this integral, as a function of � j, can
be fitted with a high accuracy by the formula

�
0

�

d�� j��� � �2.47� j
−1, 
c � ng

2

0.5�1 + 0.7� j
2�−1, 
c � ng

2.
� �24�

Apparently, the integral �24� is larger at 
c�ng
2 than at 
c

�ng
2 for any � j. Substituting the result of integration, for


c�ng
2, from Eq. �24� into Eq. �23� and using Eqs. �18� and

�19�, we obtain the following expression for the total tera-
hertz fluence in the case of short optical pulses:
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FIG. 2. �Color online� The function � j��� �normalized to unity� in the cases
�a� 
c�ng

2 and �b� 
c�ng
2 for different values of the parameter � j. � j =1

�solid line�, � j =0.5 �dotted line�, and � j =2 �dashed line�.
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W �
9.9��c	�2

a�c
4 	ng

2


c
px

2 + py
2 +

�c
2


c
pz

2
 . �25�

Four conclusions can be drawn from Eq. �25�. First, the py

component of the nonlinear polarization generates terahertz
radiation more efficiently than other components �ng

2 /
c�1
and �c

2 /
c�1, for 
c�ng
2�. Second, the terahertz yield does

not depend on the dielectric constant of the prisms 
p �
p

should only exceed ng
2 to satisfy the Cherenkov radiation

condition�. Third, W increases when 
c approaches ng
2 ��c

decreases� and can even diverge, W→� at 
c→ng
2, due to

the contributions from px and py �the last term in Eq. �25� is
limited from above by the applicability condition of the short
pulse approximation�. Physically, the divergence of W can be
explained by approaching the phase-matching condition for
terahertz waves in the core at 
c→ng

2. The similar effect was
found for Cherenkov radiation in a homogeneous nondisper-
sive medium.7 It should be emphasized, however, to preserve
the applicability of the short pulse approximation at 
c→ng

2

the pulse duration 	 should be simultaneously diminishing:
	→0 �or a→��. Fourth, for a fixed energy of the optical
pulse, pj	a=const in Eq. �25� and thus W�a−3. Correspond-
ingly, the conversion efficiency �17� also scales as ��a−3.

For a long optical pulse with 	�a�c / �9c�, for which
�0�2, the width of the spectrum wj��� is limited by the
Gaussian factor in Eq. �18� rather than the function � j���.
Taking into account that � j�����2�2 for ��1 �see Eqs.
�20� and �21��, we obtain wj�����2 exp�−�2 /�0

2�. The spec-
trum wj��� has a maximum at �=�0 ��	=�2�. Evaluating
integral �23� of this function wj��� we arrive at

W � 	�

2

3/2 a2

c	�p
	
png

2


c
2 px

2 + py
2 +

�p
2


p
pz

2
 . �26�

According to Eq. �26�, the px and py components of the non-
linear polarization are preferable for terahertz generation in
the case of long optical pulses ��p

2 /
p�1 in the last term of
Eq. �26��. Contrary to the limit of short optical pulses �Eq.
�25��, W depends on 
p. Dependence on 
c enters only if
px�0. For a fixed energy of the optical pulse, pj	a=const in
Eq. �26� and thus W�	−3 �correspondingly, ��	−3�. Since 	
is restricted from below in the long-pulse limit, increasing W
�and the spectrum maximum frequency� via decreasing 	 re-
quires simultaneous decreasing the core thickness a.

In the general case of an arbitrary 	 �arbitrary �0�, the
integral �23� of wj��� cannot be evaluated analytically. We
evaluated this integral numerically and plotted Wj as a func-
tion of �0 for different values of � j in Fig. 3 �the curves have
been normalized to unity by dividing them by the maximum
value of Wj��0� at �0→�, which is given by a correspond-
ing term in Eq. �25��. It is seen from Fig. 3 that the function
Wj��0� only slightly varies with changing � j in a wide inter-
val. Therefore, to approximate the dependence Wj��0� ana-
lytically, we may restrict ourselves to the simple case when

p=
c �� j =1�. Furthermore, we model the transverse profile
of the nonlinear source G�x�=cos2��x /a�, −a /2�x�a /2
with a Gaussian function of very close shape, G�x�
=exp�−16x2 /a2�, −��x��. After the above mentioned
steps, we arrive at the well-studied case of Cherenkov radia-

tion from a two-dimensional Gaussian laser pulse propagat-
ing in a homogeneous electro-optic medium.7,25 According to
the theory developed in Refs. 7 and 25, emitted by the pulse
energy �per unit length of the linear laser pulse and unit
length of the laser path� scales as W�	2��

2 / �	2+ �

−ng

2���
2 /c2�3/2, where �� is the pulse width and 
 is the di-

electric constant of the medium in the terahertz range. Re-
placing ��→a /4 and 
→
c, we obtain for the total tera-
hertz fluence in our case,

W =
�5/2	2a2

8�2�cc	eff
3 	ng

2


c
px

2 + py
2 +

�c
2


c
pz

2
 , �27�

where 	eff=�	2+ �a�c�2 / �4c�2=	�1+�2�0
2 /8. In the limit

�0�1, Eq. �27� agrees with Eq. �25�. In the opposite limit
�0�1, Eq. �27� does not coincide completely with Eq. �26�
�the difference between them depends on values of 
c, 
p,
and ng� but gives the same, as Eq. �26�, dependence of the
terahertz fluence on the parameters a and 	. In general, the
dependence Wj��0� given by approximate Eq. �27�, after the
normalization to a corresponding term in Eq. �25�, is inde-
pendent of � j and differs insignificantly from the accurate
curves Wj��0� in Fig. 3. An analytical formula �27� is con-
venient for estimating the terahertz fluence �see comparison
with accurate calculations in Sec. IV� and allows us to intro-
duce the optimal parameters of the laser pulse maximizing
the terahertz yield or conversion efficiency.

For a fixed energy of the optical pulse, pj	a=const in
Eq. �27� and W�	eff

−3. Thus, for a given a, a decrease in 	
leads to an increase in W; however, when 	 becomes smaller
than �ca / �4c�, further shortening of the optical pulse adds
little to the terahertz fluence. Similarly, for a given 	, a de-
crease in a �and, correspondingly, in the width of the laser
beam illuminating the core’s facet� leads to an increase in W
until a becomes smaller than 4c	 /�c.

If we fix the optical intensity rather than energy �pj

=const� and also fix a in Eq. �27�, then W�	2 /	eff
3 and an

optimal pulse duration

	W = a�c/�23/2c� � 0.35a�c/c �28�

appears that maximizes W to a value �a. If we fix 	 instead
of a, then W�a2 /	eff

3 and an optimal core thickness appears

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

σ0

W
j

FIG. 3. �Color online� The terahertz fluence Wj �normalized to unity� as a
function of �0 for � j =1 �solid line�, � j =0.5 �dotted line�, and � j =2 �dashed
line�. The dashed-dotted line shows the function Wj��0� given by Eq. �27�
�normalized by dividing by Eq. �25��.
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aW = 25/2c	/�c � 5.7c	/�c �29�

that maximizes W to a value �	. The optimal parameters
�28� and �29� do not maximize, however, the conversion ef-
ficiency that, in the case of a fixed optical intensity, scales as
��	a /	eff

3 . To maximize �, one should use instead of �28�
and �29� the following parameters, respectively:

	� = a�c/�25/2c� � 0.18a�c/c , �30a�

a� = 23/2c	/�c � 2.8c	/�c. �30b�

IV. TERAHERTZ GENERATION IN SI-LINBO3-SI
STRUCTURE

Let us now apply the general theory developed in Sec.
III to a Si–LiNbO3–Si structure pumped with Ti:sapphire
laser �800 nm wavelength�. Since the optical group refractive
index of LiNbO3, ng=2.23 at 800 nm wavelength,3 and the
low-frequency dielectric constant of silicon, 
p=11.68,33 sat-
isfy the condition 
p�ng

2, such a structure is appropriate for
the generation of Cherenkov radiation in the Si-cladding by
Ti:sapphire laser pulse propagating in the LiNbO3-core. The
optical refractive indices of the Si-cladding, np�3.67,34 and
the LiNbO3-core, nc=2.16,3 relates as nc�np at 800 nm
wavelength, therefore, the optical pulse propagates in the
structure as a leaky mode. Using Ti:sapphire laser for pump-
ing the Si–LiNbO3–Si structure has a drawback that the
photon energy is larger than the band gap of silicon �1.1 eV,
equivalent to 1.1 �m wavelength� and, consequently, photo-
excitation of free carriers in Si near the Si–LiNbO3 interface
will occur. This can lead to undesirable additional absorption
of the terahertz radiation by the photoexcited carriers. How-
ever, as we estimate in Appendix D, the effect of free carriers
on the terahertz radiation is negligible for Wopt�40 �J /cm
at a�10 �m and even for higher Wopt at larger a. Moreover,
it can be completely avoided by putting at the core-prism
boundaries thin �compared to the terahertz wavelength�
buffer layers of a material with a wide band gap and lower,
than nc, refractive index �for example, air�.

In our calculations, we account for a small frequency-
dependent terahertz absorption in high-resistivity silicon us-
ing the dielectric function 
p=11.68− i2�10−4�, where fre-
quency � is in terahertz, that was obtained by fitting the
experimental data of Ref. 33. For LiNbO3 at the terahertz
frequencies, we use the experimental data of Ref. 8 for
0.68 mol % Mg-doped stoichiometric LiNbO3 at room tem-
perature. The experimentally measured frequency depen-
dence of the amplitude absorption coefficient �
= �� /c�Im�
c given in Ref. 8 are fitted with a polynomial
form ��cm−1�=24.83−12.68�+15.91�2, where � is in tera-
hertz. For the terahertz refractive index nTHz=Re�
c, we use
the following fitting formula from Ref. 8: nTHz=4.94+2.1
�10−2�2+1.2�10−3�4 with � in terahertz.

We assume that the optical axis of the LiNbO3 core is
along the y axis �Fig. 1�, and the laser pulse is polarized
along the optical axis and produces nonlinear polarization in
the same direction with py =deffE0

2, where deff=d33. This ge-
ometry is optimal for the optical-to-terahertz conversion in
the sandwich structure. According to Sec. III, the py compo-

nent of the nonlinear polarization generates terahertz radia-
tion more efficiently than other components, and py is maxi-
mal for this orientation. For the nonlinear coefficient d33, we
use the formula from a coupled electron-ion oscillator
model,35,36 d33�pm /V�=25+158� �1−�2 /�TO

2 − i�� /�TO
2 �−1

with �TO�2��−1=7.68 THz and ��2��−1=0.1 THz.
Figure 4 shows the spatial distribution of the electric

field Ey, calculated numerically on the basis of Eqs. �9�, �10�,
and �13�, for a Si–LiNbO3–Si structure with a=40 �m. It is
seen in Fig. 4 that the near field of the nonlinear source is
localized well within the core and, therefore, the Cherenkov
radiation in the prisms has its origin in the radiation gener-
ated in the core and then transmitted to the prisms through
the core-prism interfaces. The opening angle of the Cheren-
kov cone in the prisms equals �p�41° in accord with theo-
retical formula sin �p=ng /
p

1/2.7,21 The gradually fading os-
cillations in the field distribution across the Cherenkov cone
can be attributed to multiple reflections of the generated in
the core radiation at the core-prism interfaces. Such oscilla-
tions do not appear on the Cherenkov cone generated by a
laser pulse in a homogeneous dispersionless �or weakly dis-
persive� medium.7,25

The spectral density of terahertz fluence w���, calcu-
lated using Eq. �15a�, is shown in Fig. 5 for two core thick-
nesses and two laser pulse durations. Curve 1 in Fig. 5�a� and
curves 1 and 2 in Fig. 5�b� are similar to the dimensionless
function � j��� with � j =2 in Fig. 2�a�. It is in accord with
our general theory �Sec. III�. Indeed, 
c�ng

2 for the LiNbO3

core �
c�25, see the formula for nTHz above� like in Fig.
2�a�. Then, �0�1 for the above mentioned curves ��0�1.1
for curve 1 in Fig. 5�a� and �0�2.2 and 1.1 for curves 1 and
2 in Fig. 5�b�, respectively� and thus these curves are closely
related to the limit of short laser pulses �see Sec. III�, for

which the Gaussian factor F̃��� �shown with dashed line in
Fig. 5� is not essential and the spectrum’s shape is deter-
mined mainly by the function � j���. Furthermore, according
to Eq. �22�, �y �1.8 for the Si–LiNbO3–Si structure what is
close to � j =2 in Fig. 2�a�. Due to the similarity between the

FIG. 4. �Color online� Snapshot of the electric field Ey�x ,z , t� at t=0 pro-
duced in a Si–LiNbO3–Si structure with a=40 �m by a Ti:sapphire laser
pulse with duration 	FWHM=200 fs and peak intensity I0=20 GW /cm2

�Wopt=8.5 �J /cm�. The Si–LiNbO3 interfaces are shown with the horizon-
tal lines.
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curves w��� and � j���, the positions of the spectrum’ maxi-
mums should be related to the peak of � j���. The peak of
� j��� with � j =2 in Fig. 2�a� is at ��0.9 that corresponds,
according to �=�a�c / �2�c�, to � / �2���1.5 THz and 3
THz for the structure with a=40 �m and a=20 �m, respec-
tively. This agrees well with the positions of the spectrum’s
maximum in Fig. 5�a� �curve 1� and Fig. 5�b� �curves 1 and
2�. For curve 2 in Fig. 5�a�, �0�0.55 and, therefore �see Sec.

III�, the Gaussian factor F̃��� significantly affects the gener-
ated terahertz spectrum. This factor cuts the peak of the func-
tion � j��� lying at � / �2���3 THz what leads to broaden-
ing of the spectrum.

Let us now calculate the total terahertz fluence and
optical-to-terahertz conversion efficiency for the
Si–LiNbO3–Si structure. Figures 6�a� and 6�b� show the
conversion efficiency per unit length of the structure �,
evaluated using Eqs. �14�, �15a�, and �17�, as a function of a
and 	FWHM for a fixed energy of the optical pulse �Fig. 6�a��
and fixed optical intensity �Fig. 6�b��. Figure 6�c� shows the
total terahertz fluence W=Wy as a function of the same vari-
ables for a fixed optical intensity. These figures agree well
with the general theoretical predictions of Sec. III. For a
fixed energy of the optical pulse �Fig. 6�a��, the efficiency
increases with decreasing a and 	FWHM in accord with Eqs.
�25�–�27� and Fig. 3. For example, even for moderate param-

eters a=20 �m, 	FWHM=100 fs, and Wopt=8.5 �J /cm �I0

=80 GW /cm2�, the efficiency can be as high as �
�0.03 cm−1. This accurate value agrees well with the esti-
mation given by the approximate analytical formula �27�, �
�0.04 cm−1. For a fixed optical intensity �Figs. 6�b� and
6�c��, there are optimal values of the parameters a �when 	 is
fixed� and 	 �when a is fixed� maximizing � �Fig. 6�b�� or W
�Fig. 6�c��, in accord with Eqs. �28�, �29�, �30a�, and �30b�.
For example, for 	FWHM=200 fs, Eq. �30b� predicts the op-
timal core thickness a�=24 �m that agrees well with Fig.
6�b�.

Up to now we considered the conversion efficiency per
unit length �along the z axis� of the Si–LiNbO3–Si structure.
The total conversion efficiency for a structure of a finite
length L can be approximately evaluated as �L, neglecting
the transient effects at the structure boundaries z=0 and z
=L. Thus, the efficiency can be increased by using longer
structures. There exist, however, some limitations from
above on the structure length L. We mentioned these limita-
tions earlier �see Sec. II�, and now we specify them for the
Si–LiNbO3–Si structure. First, since the optical pulse of
�800 nm wavelength propagates in the Si–LiNbO3–Si
structure as a leaky mode �nc�np�, L is limited from above
by the leakage length Ll introduced in Appendix C. For the
fundamental mode of the Si–LiNbO3–Si structure, the gen-
eral expression for Ll given by Eq. �C1� can be reduced to a
convenient for estimations form Ll�cm��10−3a3 with a in
micrometers. For example, this formula gives Ll�64 cm for
a=40 �m and Ll�8 cm for a=20 �m. Second, L should
be smaller than the dispersion length, i.e., the length at which
the dispersive broadening of the optical pulse becomes sig-
nificant, Ld=	2 /k2, where k2 is the group velocity
dispersion.37,38 For LiNbO3, k2�370 fs2 /mm,39 and thus Ld

can be written as Ld�cm��10−4	FWHM
2 with 	FWHM in femto-

second. For example, for typical pulse durations 	FWHM

=200 and 100 fs this formula gives Ld�4 and �1 cm, re-
spectively. Third, the nonlinear effects, such as self-focusing
and filamentation, also impose limitations on the permissible
length of the structure �according to our estimations, three-
photon absorption in LiNbO3 can be neglected for the inten-
sities I0�100 GW /cm2 we consider here�. Since the optical
power Popt in our examples significantly exceeds the critical
power of self-focusing Pcr�400 kW for the beam of 800
nm wavelength in LiNbO3 �Popt / Pcr�200 for 	FWHM

=100 fs and Wopt=8.5 �J /cm�, we consider filamentation
as a dominating factor. The filamentation length is Lf

=�K / �2�n2I0�,37 where �=800 nm is the optical wave-
length in vacuum, n2=9.5�10−16 cm2 /W is the nonlinear
refractive index of LiNbO3,40 and K is a numerical factor of
the order of 3–10. To find K, we refer to the experiment on
terahertz generation in a 2 mm long LiNbO3 crystal by fo-
cused to a line Ti:sapphire laser pulse.17 In this experiment,
the saturation of the generated terahertz energy at pump in-
tensities of I0�400 GW /cm2 was attributed to the develop-
ment of filaments. It allows us to estimate the factor K as
K�6. Using this value of K, we arrive at formula Lf�cm�
�80I0

−1 with I0 in GW /cm2. For example, for I0

=20 GW /cm2, this formula gives Lf�cm��4 cm. Depend-
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FIG. 5. The spectral density of terahertz fluence w��� generated by the
optical pulse with �a� 	FWHM=200 fs and �b� 	FWHM=100 fs in the
Si–LiNbO3–Si structure with a=40 �m �curves 1� and a=20 �m �curves
2�. The optical pulse energy �per unit length of the line source� is fixed to
Wopt=8.5 �J /cm for all curves. The spectrum of the optical intensity enve-

lope F̃��� is shown for corresponding 	FWHM with the dashed line.

FIG. 6. �Color online� The conversion efficiency per unit length of the
Si–LiNbO3–Si structure � as a function of a and 	FWHM for �a� the fixed
optical pulse energy Wopt=8.5 �J /cm and �b� fixed optical intensity I0

=20 GW /cm2. �c� The terahertz fluence W as a function of a and 	FWHM for
the fixed optical intensity I0=20 GW /cm2.
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ing on the parameters a, 	FWHM, and I0, the permissible
length L is limited by the minimum of the above-defined
lengths Ll, Ld, or Lf.

Figure 7 shows the conversion efficiency �L for a
Si–LiNbO3–Si structure of a maximal permissible length L
as a function of a and 	FWHM at a fixed optical pulse energy
�Wopt=8.5 �J /cm�. For any a and 	FWHM, L is taken as L
=min�Ll ,Ld ,Lf�, and therefore L is a function of a and
	FWHM: L=L�a ,	FWHM� �level curves of L are shown with
dashed line�. In fact, for the range of parameters in Fig. 7, the
leakage length Ll is always larger than Ld and Lf, and thus L
equals the minimum of Ld and Lf, namely, L=Ld�	FWHM� at
the horizontal parts of the level curves and L=Lf�a ,	FWHM�
at other parts of the curves. According to Fig. 7, for a given
core thickness a, there is an optimal pulse duration 	FWHM

that maximizes the efficiency �and therefore the terahertz
yield�. For example, for a=40 �m, the maximum �L
�0.02 is achieved at 	FWHM�200 fs �the corresponding
structure length is L�3.5 cm�. Similarly, for a given 	FWHM

there is an optimal thickness a, for example, for 	FWHM

=150 fs the maximum �L�0.03 is achieved at a�18 �m
�L�1.3 cm�. The obtained above from Fig. 6�a� estimation
�=0.03 cm−1 for a=20 �m and 	FWHM=100 fs corre-
sponds almost exactly to the maximal length L�1 cm in
Fig. 7, thus giving �L�0.03.

V. CONCLUSION

To conclude, we have shown that the Cherenkov emis-
sion of terahertz waves by optical rectification of the focused
to a line femtosecond laser pulse propagating in a sandwich-
like structure with thin nonlinear core and low absorbing
cladding is a promising scheme for generating broadband
terahertz radiation. This scheme offers a number of advan-
tages. �i� The sandwich structure constrains the pump laser
pulse within the core providing its guiding for a long dis-
tance and thus increasing the interaction length between the
pulse and terahertz radiation. �ii� The propagation distance of
the terahertz radiation within a typically strongly absorbing
in the terahertz range nonlinear core is minimized. �iii� Fo-
cusing the pump laser beam into a line prevents its diffrac-

tive broadening in the plane of the structure, allows to scale
up the terahertz energy, and forms more convenient for prac-
tical applications Cherenkov wedge, rather than Cherenkov
cone. �iv� Properly cutting the cladding in the form of a
prism provides efficient outcoupling of the terahertz radia-
tion to vacuum.

We developed a theory that describes the optical-to-
terahertz conversion in a generic sandwich structure. The
theory allows one to calculate spatial distribution of the gen-
erated terahertz field, terahertz energy spectrum, and optical-
to-terahertz conversion efficiency.

For Ti:sapphire laser, we proposed to use
Si–LiNbO3–Si structure. Applying the developed theory to
such a structure, we predicted the conversion efficiency of up
to 3% in a 1 cm long and 1 cm wide structure with a 20 �m
thick core pumped by Ti:sapphire laser with �100 fs pulse
duration and 8.5 �J pulse energy �80 GW /cm2 optical in-
tensity�. The frequency spectrum of the generated radiation
spreads up to 4 THz with a maximum at about 3 THz.

Due to reduced effect of terahertz absorption in thin
LiNbO3 core on the terahertz generation, the structure can
operate at room temperature, and the conversion efficiency
should not be very sensitive to the composition �congruent or
stoichiometric� or Mg-doping level of LiNbO3. To suppress
photorefraction in LiNbO3, the doping level, however,
should be above the photorefraction threshold, �0.6 mol %
for stoichiometric and �5 mol % for congruent LiNbO3.41

Our consideration was restricted by moderate optical inten-
sities I0�100 GW /cm2. To study how the terahertz yield
saturates with further increasing the pump intensity �up to
the optical damage threshold �1 TW /cm217�, numerical
modeling of the effect of filamentation and three-photon ab-
sorption on the terahertz generation is required.
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APPENDIX A: APPROXIMATE SYMMETRIC MODES
OF AN OVERSIZED DIELECTRIC SLAB
WAVEGUIDE

In general, the transverse electric field �Ey or Ez for s-
and p-polarized waves, respectively� of the symmetric modes
of frequency � in a symmetric slab waveguide �Fig. 1� are
described by the wave function of the form42

��x� = �cos�gx� , �x� � a/2
cos�ga/2�e−q��x�−a/2�, �x� � a/2,

� �A1�

where g= ��2nc
2 /c2−h2�1/2, q= �h2−np

2�2 /c2�1/2, and the
propagation constant h is defined by the dispersion equation

FIG. 7. �Color online� The conversion efficiency �L for a Si–LiNbO3–Si
structure of a length L=min�Ll ,Ld ,Lf� as a function of a and 	FWHM. Level
curves of L�a ,	FWHM� are shown with dashed line. The optical pulse energy
�per unit length of the line source� is fixed to Wopt=8.5 �J /cm.
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g tan�ga/2� = �q , s-modes

q�nc/np�2, p-modes.
� �A2�

For �nc
2−np

2���a /2c�2�1, the argument of the tangent in Eq.
�A2� is close to m� /2, m=1,3 ,5 , . . ., ga /2�m� /2,42 and,
therefore, the wave function �A1� can be approximately writ-
ten as

�m�x� � �cos�m�x/a� , �x� � a/2
0, �x� � a/2.

� �A3�

The real and imaginary parts of the propagation constant
hm=hm� − ihm� in this approximation are

hm� �
�

c
Re nc − 	m�

a

2 c

2� Re nc
, �A4�

hm� �
�

c
Im nc +

�m��2

a3

2c2

�2 Re nc

� �Re�np
2 − nc

2�−1/2, s-modes

Re�np
2nc

−2�np
2 − nc

2�−1/2� , p-mode.
� �A5�

Essentially, this approximation is applicable to both the
waveguide �at Re nc�Re np� and leaky �at Re nc�Re np�
modes with not very high indices m.

In Eq. �A4�, the first term describes the material disper-
sion of the core, while the second term describes the wave-
guide dispersion. In Eq. �A5�, the first term defines the at-
tenuation of the modes due to losses in the core, and the
second term is related to the leakage of the electromagnetic
energy from the core to the cladding �this term equals zero
for real nc, np and nc�np�.

APPENDIX B: OPTIMAL FOCUSING
An incident on the core facet laser pulse will excite, in

general, a number of modes of the dielectric slab waveguide.
Due to a difference in the modes’ propagation constants hm�
�see Eq. �A4��, the modes will propagate with different group
velocities what will lead to a distortion of the laser pulse in
the course of its propagation along the sandwich structure.
To avoid the distortion, one may try to adjust the width of the
incident laser beam to excite predominantly a one of the
modes.

To estimate the optimal beam width for the excitation of
the fundamental mode �with m=1�, we assume that the beam
is incident normally on the facet z=0, the beam’s waist co-
incides with the facet, and the optical field distribution along
the x axis has a Gaussian profile at z=0+: �0�x�
�exp�−x2 /2��

2 �. Due to symmetry of the function �0�x�,
such a beam will excite only symmetric modes with odd
values of m �m=1,3 ,5 , . . .�. To find the mode amplitudes, we
apply the standard technique of an arbitrary field expansion
in a series of waveguide eigenmodes �neglecting the continu-
ous radiation modes�.43 We write down �0�x� as a series of
�m�x� with coefficients given by the overlap integrals of the
product of �0�x� and �m�x� over the waveguide cross section.
When evaluating the integral, we restrict the integration by
the interval −a /2�x�a /2 thus neglecting the small modes’

tails outside the waveguide core �see Appendix A� and pe-
riphery of the Gaussian beam �the beam’s width is assumed
to be smaller than the core thickness a�.

Figure 8 shows the power of the mth mode Pm �normal-
ized to the power of the Gaussian beam P0 at z=0+� as a
function of ratio �� /a for the first four symmetric modes
�m=1,3 ,5 ,7�. It follows from Fig. 8 that the maximal power
of the fundamental mode P1 / P0=0.98 is achieved at ��

=0.25a when the modes with higher indices m are negligible.
Practically, the beam width may be taken in the interval ��

��0.2−0.3�a.

APPENDIX C: LEAKAGE LENGTH
Neglecting the material losses �Im nc=Im np=0�, we de-

fine the leakage length Ll of the mode �A1� at nc�np as the
length at which the intensity of the leaky mode decreases by
a factor of exp�−1�: Ll= �2 Im h�−1. Using approximation
�A5�, we obtain

Ll �
a3nc�np

2 − nc
2�1/2

�2m2 � � 1, s-modes

nc
2np

−2, p-modes,
� �C1�

where � is the optical wavelength in vacuum. If nc and np

have small imaginary parts, Eq. �C1� still can be used after
replacing nc and np by their real parts. According to Eq. �C1�,
the fundamental mode �with m=1� has a maximal leakage
length.

APPENDIX D: FREE CARRIER TERAHERTZ
ABSORPTION

If the photon energy Ep of the pump laser is larger than
the band gap Eg of the material the prisms are made of, an
undesirable photoexcitation of free carriers in the prisms near
the core-prism boundaries will occur. This can lead to addi-
tional reflection and absorption of the generated in the core
terahertz radiation. To estimate the optical pulse energy, at
which this effect becomes appreciable, we write the penetra-
tion depth of the laser light into the prism as �

�� / �4� Im��np− i��2−nc
2�, where � is the extinction coef-

ficient of the prism’s material related to the photoexcitation.
For the light of 800 nm wavelength in Si, ��5�10−3 �Ref.
34� and ��10 �m. Then, we calculate the concentration of
the photoexcited carriers N assuming the ionization process
be one-photon and taking the optical energy leakage from the
core to the prisms dWopt /dz as dWopt /dz�Wopt /Ll, where the

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.2

0.4

0.6

0.8

1.0

P
m
/P

0

a/⊥l

1

3
5

7

FIG. 8. The power of the mth mode �normalized to the power of the Gauss-
ian beam P0� as a function of the ratio �� /a for the first four symmetric
modes with m=1,3 ,5 ,7 �shown near the corresponding curves�.
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leakage length Ll is given by Eq. �C1�. Thus, we arrive at
N�Wopt / �2�LlEp�. Further, we write the dielectric constant
within the ionized layer using the Drude model 
=
p

−�p
2 / ��2− i���, with �p=�4�Ne2 /m� as the plasma fre-

quency, � is the collision frequency, e and m� are the charge
and effective mass of the free carriers, respectively. From the
condition that the intensity of a generated terahertz wave of a
frequency � decreases by a factor of exp�−1� after transmis-
sion through the ionized layer, i.e., 2�� Im 
1/2 /c�1, we
evaluate �p and, finally, estimate the optical pulse energy,

Wopt � �p
2m��LlEp/�2�e2� . �D1�

For silicon �Eg=1.12 eV, m�=0.26me with me the mass of
free electron, and � / �2���1 THz �Ref. 33�� excited with
Ti:sapphire laser �Ep=1.55 eV at �=800 nm�, Eq. �D1� can
be reduced, assuming � / �2��=1 THz and using Eq. �C1�,
to a convenient for estimations form Wopt��J /cm��0.04a3

with a in micrometer. For example, the effect of free carriers
on the terahertz radiation is negligible for Wopt�40 �J /cm
at a=10 �m.
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