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Theory of terahertz generation in a slab of electro-optic material using an ultrashort laser pulse
focused to a line
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A theory that describes the optical-to-terahertz conversion of femtosecond laser pulses via optical rectifica-
tion in a slab of an electro-optic material is developed. Two typical experimental situations—phase-matched
regime (ZnTe excited with 780 nm optical pump) and non-phase-matched regime (LiNbO; excited with
800 nm optical pump and GaAs excited with 1.56 wm optical pump)—are considered. The theory accounts for
the transverse size of the laser beam and allows us to explore the dependence of the conversion efficiency on
laser focusing. We trace the temporal dynamics of the optical-to-terahertz conversion inside the slab and study
the angular distribution of the terahertz emission from the slab. The optimal parameters (such as laser trans-
verse size and crystal thickness) maximizing the terahertz yield for ZnTe and GaAs are calculated.
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I. INTRODUCTION

Optical rectification of ultrashort laser pulses propagating
through nonlinear crystals is a proven way to generate broad-
band terahertz radiation. In this technique, that was first dem-
onstrated with picosecond pulses'? and later extended to
femtosecond pulses,>* the pump optical pulse produces a
nonlinear polarization which follows the envelope of the in-
tensity of the pulse. This nonlinear polarization moves with
the group velocity of the pulse and emits terahertz radiation.
In general, one can classify the terahertz generation into two
regimes, according to the dispersion properties of the mate-
rial. When the group velocity of the optical pulse exceeds the
highest phase velocity for terahertz waves in the material, we
have superluminal (or non-phase-matched) regime. When the
opposite relation holds, we have subluminal (or phase-
matched) regime.>¢

In the superluminal regime, the optical pulse can produce
terahertz radiation via Cherenkov radiation mechanism: the
moving nonlinear polarization emits terahertz radiation very
much like a relativistic dipole emits Cherenkov radiation.’
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. Otherwise, only a quasiplane
terahertz wave propagating collinearly with the laser pulse
can be excited. The latter process is inefficient due to lack of
phase matching between the wave and the moving source—
only a thin layer of the crystal within the coherence length
contributes to the generation.® The superluminal regime
is typical, for example, for the excitation of LiNbO; with
Ti:sapphire laser pulses (~800 nm wavelength)® and GaAs
with fiber laser pulses (~1.5—-2 um wavelength).'%!" A way
to achieve the quasi-phase-matching conditions for large ap-
erture laser beams is the use of structures with periodically
inverted sign of second-order susceptibility, such as periodi-
cally poled lithium niobate (PPLN) crystal.'? Relatively high
conversion efficiencies (107) were reached for femtosecond
pulses at 800 nm in a cryogenically cooled (18 K) PPLN
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crystal.!3 Recently, terahertz radiation with tunable central
frequency (1.78-2.49 THz) of the spectrum was generated
in another quasi-phase-matched material, orientation-
patterned gallium arsenide!* (see also Ref. 15). Another way
to achieve phase matching in a superluminal material is to
use pump pulses with tilted fronts.'® The operation principle
has been demonstrated by generating subpicosecond pulses
at approximately 2 THz in LiNbO; with a record conversion
efficiency of 4.3 107 at 77 K.!7 Further improvement of
the conversion efficiency up to 5X 107 at room temperature
was reported in Ref. 18. A disadvantage of using Cherenkov
radiation in superluminal materials is the difficulty of ex-
tracting the terahertz pulses from the crystal due to total in-
ternal reflection: typically, large static dielectric constant of
the crystal leads to a small critical angle and the generated
pulse suffers total internal reflection at the crystal boundary.*
To overcome this limitation, a special shaping of crystals or
prism output coupling is used.>!7-1?

In the subluminal regime, there is always a frequency at
which phase matching is achieved, owing to the presence of
dispersion. Indeed, in a subluminal material the phase veloc-
ity of terahertz waves in the low-frequency limit exceeds the
optical group velocity and decreases with frequency, tending
to zero when the frequency approaches the phonon reso-
nance. Thus, the phase velocity coincides with the optical
group velocity at some specific frequency below the phonon
resonance.>® This provides a simple and effective way to
generate terahertz radiation: irradiation of a slab of sublumi-
nal material by a large (as compared to the terahertz wave-
length) aperture beam of femtosecond laser pulses results in
the phase-matched excitation of a quasiplane terahertz wave
propagating collinearly to the laser beam. Nowadays, optical
rectification of Ti:sapphire laser pulses in ZnTe, where phase
matching with a 2 THz wave occurs, is probably the most
widely used technique for the generation of broadband tera-
hertz pulses.?*-?!

Although the classification of terahertz generation as sub-
luminal (phase-matched) and superluminal (Cherenkov or
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non-phase-matched) regimes is convenient for wide optical
beams, there is no principal difference between the two re-
gimes for focused beams. In fact, in the superluminal regime,
phase matching is achieved between a strongly focused mov-
ing optical pulse and a plane terahertz wave propagating un-
der some angle with respect to the laser path. Due to disper-
sion, a continuum of plane waves with different frequencies
and different propagating angles is excited by the pulse. If
the laser pulse with a transverse size comparable to or
smaller than the terahertz wavelength propagates in a sublu-
minal material, two mechanisms mix—both the collinearly
and obliquely propagating terahertz waves are generated be-
hind the pulse (see also Ref. 6).

Despite the presence of a large number of experimental
results on optical rectification in electro-optic crystals, the
theory of this phenomenon has still not been developed suf-
ficiently even in the limit of low pump intensities, and even
less for intensities at which higher-order nonlinear effects,
such as two-photon absorption and self-focusing, become es-
sential. Theoretical treatments of the phase-matched and
quasi-phase-matched regimes are typically restricted to the
simple one-dimensional (1D) or plane-wave approximation
(see, for example, Refs. 12 and 21-24). This model does not
allow one to study correctly the role of laser focusing. In
particular, a 1D analysis predicts that the optical-to-terahertz
conversion efficiency is proportional to the optical intensity
and, therefore, inversely proportional to the illuminated emit-
ter area at a fixed laser pulse energy.”! This prediction fails,
however, when the laser transverse size becomes comparable
to the terahertz wavelength. According to calculations of
Ref. 11 for the regime of quasi-phase-matching in GaAs, the
growth of conversion efficiency slows down with further de-
crease of the optical spot area and then saturates (see also
Ref. 25 where the influence of focusing on the difference-
frequency generation of two monochromatic laser beams was
analyzed). Moreover, if the optical width becomes smaller
than the terahertz wavelength, experiments show a decrease
in the generated terahertz power.!320-28 The use of Bethe’s
theory of the electromagnetic wave penetration through a
small aperture?>2° to explain the decrease seems only weakly
relevant (see also Ref. 28). In addition, the mentioned 1D
calculations often neglect the dispersion of terahertz waves.

Another essential drawback of many existing theoretical
approaches is how the crystal boundaries are included into
the problem. At the entrance surface of the crystal, an incor-
rect boundary condition of vanishing terahertz field is often
assumed (see, for example, Refs. 22-24 and 29). At the end
of the crystal, no matching of the terahertz waves generated
inside the crystal to free-space terahertz radiation was per-
formed either. Reference 30 presented a general formalism
that included all three essential effects, i.e., finite width of
the laser beam, medium dispersion, and transmission through
the crystal boundary, but did not discuss sufficiently the role
of these effects for terahertz generation.

As for the theory of Cherenkov emission of terahertz
waves by optical pulses, it was developed only for coherent
phonon polaritons generated in infinite crystals.®*! The trans-
formation of phonon polaritons to free-space terahertz radia-
tion at the crystal boundary was not considered. In addition,
Ref. 31 neglected important effects such as medium disper-

PHYSICAL REVIEW B 76, 085346 (2007)

sion and absorption. A recent paper® included dispersion but
not the energy characteristics (such as total radiated energy
per unit length of the laser path and spectral-angular distri-
bution of the radiated energy) of Cherenkov radiation.

We set two goals in this paper. The first is to develop a
comprehensive theory of optical-to-terahertz conversion in a
slab of nonlinear material that includes all essential factors,
such as finite width of the laser beam, medium dispersion,
and the presence of the crystal boundaries. The second is to
apply this theory to typical experimental materials. The
theory is based on an exact solution of Maxwell’s equations
for terahertz fields excited by a nonlinear source. The two-
dimensional (2D) case when the pump laser pulse is infinite
in one direction and has a finite width in the other direction
is considered. The 2D case does not require very bulky nu-
merical calculations as the three-dimensional case of focus-
ing to a spot. At the same time, it allows us to study the
influence of laser focusing on the conversion efficiency. Be-
sides being a natural step in generalizing the simplest (one-
dimensional) plane-wave approximation, the 2D case has
significant practical importance. Recently, focusing pump la-
ser pulses into a line by a cylindrical lens was proposed as a
means to increase the energy of the terahertz pulses.?? Such
focusing can provide several advantages for the construction
of powerful terahertz sources.’? First, the terahertz radiation
emitted by a line-source setup forms two beams having
nearly flat phase fronts. This terahertz pattern is more con-
venient for practical applications as compared to the Cheren-
kov cone produced by the laser focused to a spot. Second,
when focusing to a spot, its size, on the one hand, should be
smaller than the terahertz wavelength to produce Cherenkov
radiation and, on the other hand, the laser intensity cannot
exceed the damage threshold of the crystal. These two con-
ditions limit the maximum energy of the generated terahertz
pulse. In the case of focusing into a line, the terahertz pulse
energy can be easily increased by using laser pulses with
higher energy and increasing the length of the line in order to
keep the laser intensity below the threshold. In experiments,
the line-source geometry provided a conversion efficiency of
1.7 X 107 for 2 uJ Ti:sapphire pump laser pulses in LiNbO5
at room temperature.’> In Ref. 18, the energies of the tera-
hertz pulses generated by line focusing and front tilting were
similar for pump energies up to 32 uJ. Although line focus-
ing is quite often used today, a similar idea (to use two per-
fectly conducting sheets as a means to confine the Cherenkov
radiation in a thin slab) was proposed a long time ago in Ref.
34. Later, the line-source geometry was used for generating
phonon polaritons in LiTa0;.>* Recently, we proposed the
use of striplike optical spots moving along semiconductor
surfaces to generate surface plasmon polaritons at the tera-
hertz frequencies.>’

After deriving general formulas to describe the terahertz
radiation, we consider two typical experimental situations:
(a) non-phase-matched case (LiNbO; at 800 nm and GaAs at
1.56 um) and (b) phase-matched case (ZnTe excited with
780 nm optical pump). We study the temporal dynamics of
the optical-to-terahertz conversion inside the slab and the
angular distribution of the terahertz emission from the slab.
The theory allows us to explore the dependence of the con-
version efficiency on laser focusing. The optimal parameters
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FIG. 1. Geometry of the problem: An optical pulse focused to a
line is incident on a slab of nonlinear material.

(such as laser transverse size and crystal thickness) maximiz-
ing the terahertz yield for GaAs and ZnTe are then calcu-
lated.

II. MODEL AND BASIC EQUATIONS

Let us consider a slab of nonlinear material of thickness d
and choose the system of coordinates as shown in Fig. 1. We
assume that the interface z=0 of the slab is illuminated nor-
mally by a femtosecond laser pulse focused in the x direction
by a cylindrical lens. The beam width in this direction € | can
be varied in a wide range as in a typical experimental situa-
tion of Z-scan measurements. In the y direction, the beam
width is assumed to be much greater than the terahertz wave-
length. This allows us to approximate it by a two-
dimensional pulse with fields independent of y. The pulse
propagates through the slab with a group velocity V=c/n,,
where n, is the optical group refractive index and we neglect
the distortion of the pulse due to dispersion. Diffractive
broadening of the pulse is also neglected since experimen-
tally used slabs are thinner than the Rayleigh length for the
laser beam. We neglect the pulse depletion due to linear ab-
sorption (typically weak in crystals such as ZnTe, GaAs, and
LiNbO; below the band gap) and due to nonlinear processes,
such as two-photon absorption and second-harmonic genera-
tion. The latter is a reasonable approximation at not very
high pump intensities we are interested in here. We do not
account for the pulse reflection from the interface z=d be-
cause the reflected pulse moving in the —z direction will
produce mainly the terahertz radiation propagating in this
backward direction. Using all the mentioned approximations,
we write the nonlinear polarization induced in the slab via
optical rectification as

P =pF(§)GW)(2), (1)

where the function II(z)=1 inside the slab (0<z<d) and
I1(z)=0 elsewhere. The function G(x) describes the trans-
verse profile of the optical beam; F(&) is the time-dependent
envelope of the optical intensity, and é=t—z/V. To specify
our final formulas, we will use the Gaussian functions

F(=et'", )

where 7 is the pulse duration [the standard full width at half
maximum (FWHM) is Trwpv=2VIn 27]. We will also use

G(x) - e—x2/€i
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FIG. 2. Kinematic diagram (wave number k vs frequency )
which illustrates the difference between superluminal and sublumi-
nal regimes. The intersection of the dispersion curve for terahertz
waves [plotted based on Eq. (4) using bold solid lines] and the line
k=w/V gives the frequency w, at which phase matching between
the moving source and the wave propagating along the z axis is
achieved. The intersection with the line k=w/(V cos 6) gives the
frequency of the partial (phase-matched) plane wave propagating at
an angle 6 to the z axis.

¢ lwvHM:Z\«"Ef |- The orientation of the amplitude vector
p is determined by the polarization of the optical beam and
orientation of the crystallographic axes of the sample. We
will include all three components: p,, p,, and p..

To find the terahertz radiation generated by the moving
nonlinear polarization [Eq. (1)], we use Maxwell’s equations
(all formulas in the paper are given in cgs):

1B
VXE=-——, (3a)
c ot
1D 4P
V><B=——+—Tri. (3b)

c ot c ot

These equations should be supplemented by a constitutive
relation in the terahertz range. This relation between vectors
D and E can be conveniently written in the frequency do-
main (see Sec. IV).

III. KINEMATICS OF TERAHERTZ WAVE EXCITATION

Let us discuss briefly the two possible regimes—
superluminal and subluminal—of terahertz wave excitation
(see Fig. 2) which are determined by the relation between the
phase velocities of terahertz waves and group velocity of the
optical pulse. The phase velocities of terahertz waves can be
found using the dielectric constant which has the following
form in the one-phonon-resonance approximation:

2
(80 - Soo)wTo

E=Ex+ > 4)
Wio— W +iYyw
where g, and ¢, are the low- and high-frequency dielectric
constants, respectively, wrg is the transverse optical phonon

frequency, and 7 is the damping rate. The resultant disper-

085346-3



BAKUNOV et al.

sion curve has two branches, as shown in Fig. 2. We will
focus only on the lower-frequency branch (below wrq)
which is typically studied in experiments on terahertz gen-
eration. The excitation of the higher-frequency branch
(above the longitudinal optical phonon frequency w) re-
quires very short and fast optical pulses (V>c/1e.,,) and will
be discussed briefly in Sec. VI.

In the superluminal regime, the group velocity of the op-
tical pulse (and thus, of the pulse of nonlinear polarization
[Eq. (1)]) is larger than the phase velocity of the fastest (low-
frequency) terahertz waves propagating along z, i.e., V
> c/\g,. However, phase matching can be achieved for a
continuum of terahertz waves propagating at finite angles 6
with respect to z. The generated terahertz radiation has a
broad spectrum (0 < w < wyg) and forms a Cherenkov cone.
Such excitation, however, occurs only if the optical beam is
strongly focused (compared to the terahertz wavelength); a
wide laser pulse can only generate near fields.

If the velocity of the optical pulse decreases and ap-
proaches c/\g,, the opening of the Cherenkov cone in-
creases until it reaches /2. If the pulse becomes even
slower (V<c¢/\e, subluminal regime), the excited terahertz
spectrum becomes limited from below by the frequency w,
(Fig. 2) of the terahertz component that propagates along the
z axis (0=0). A strongly focused optical pulse can generate a
full spectrum (wy< w<wrp) of terahertz waves propagating
at 0< @<r/2. This is similar to the superluminal regime. In
contrast, a weakly focused pulse excites predominantly the
forward-propagating terahertz wave. This strong dependence
of the excitation picture poses a question of optimal pulse
focusing to achieve the highest possible optical-to-terahertz
conversion.

The discussion of the excitation regimes presented above
is relevant to the stationary regime, i.e., when the optical
pulse propagates in a homogeneous material. In practical
situations, the optical laser pulse excites transiently all waves
allowed by the dispersion curve upon its entrance into the
crystal. This transient radiation can significantly affect the
total terahertz field. We will address this issue in Sec. VI.

IV. GENERAL SOLUTION

To solve Egs. (3), we apply Fourier transforms with re-
spect to ¢ and x to these equations and use the constitutive
relation between the Fourier transforms of the electric field
and displacement vector (w and g are the Fourier
variables which correspond to ¢ and x, respectively; ~ will

in the ﬁ(z,g,w)

=e(z, w)E(z,g,w), where the complex dielectric function
e(z,w) is e.(w) inside the crystal (0<z<d) and unity in
vacuum. We do not need to specify &.(w) at this point. This
will be done in Sec. VI for specific materials.

Equations (3) written in the Fourier domain and projected
into the coordinate system can be separated into two inde-

denote quantities Fourier domain):

pendent sets—for s-polarized waves (field components E
Bx, and B .) and p-polarized waves (field components B, 1 Ex,
and EZ).
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For s-polarized waves, eliminating Ex and EZ using

l

~ c 0 ~ g8~
B, .= ___V, B.=—E 5 5
Y iw dz Y ”? ®)
we obtain an equation for Ey:
PE ~ 477(»2
(9—22 + K2Ey =— F(w)G(g)H(z)e“"’Z/V (6)
4 2

For p-polarized waves, eliminating EX and EZ using

_i_c&B 47Tpx~~

E.= FGI(z)e™ Y, (7a)
we 07 e
E.=- 5B, - “2FGTI()e e, (7b)
weE

we obtain an equation for By:

a(13B, ~
8_<—_X> + Ksz
dz\e dz
4771(»

= F (w)G(g){sz(?i[ 1 —II(z)e ™" V}

+p.igll(z)e V} : (8)

In Egs. (6) and (8), we introduced the longitudinal wave
vector k(z,g,w) given by

K = (wlc)’e(z, w) — g* 9

and the Fourier transforms F(w)=(7/2\m)e """ and G(g)
2

=€ /2 \,’;)6—82‘&/4 of the envelope F(&) and beam profile

G(x), respectively.

We proceed by solving Egs. (6) and (8) in the homoge-
neous regions (z<0, 0<z<d, and z>d) and matching the
solutions by the boundary conditions of continuity Ey and EX
for s-polarized waves and Ey and Ex for p-polarized waves.

For s-polarized waves, matching gives the following ex-
pressions for the electric field transform:

CleiKUZ, z<0
Ey=)Coe ™+ Cae™ =A™V, 0<z<d (10)
Cye e z>d

with

A= 47Tp)f6/(02;<3/w2 - ngz,), (11a)

C1:C2+C3—A, (11b)

Cy= Cre el 4 Cyet*ed — pAe71dIV | (11c)
Crs3=A[(k.* k) (K, + w/V)e* el 4 (k. F K,)

X (K, — w/V)e VA, (11d)
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A, = (k, + K,) %™ = (k, — K,)?e7 . (11e)

The coefficient «, is « taken with e=1 and «, is « taken with
e=¢g,. [see Eq. (9)].

For p-polarized waves, matching gives the following ex-
pressions for the magnetic field transform:

DleiKvZ’ z < 0
By=\Dye ™+ Dye'* RV 0<z<d (12)
D4€_iKU(Z_d), z2>d
with
R=4m(pn, - pzcg/w)l'*:é/(czK?/w2 - né), (13a)
D1=D2+D3—R, (13b)
Dy = Dye ™ 4 Dyei*ed — RemiwodlV (13c¢)

D2,3 = {(Kc * scKu)[R(sch + w/V) + Q]eiich + (Kc + sch)

X[R(g .k, — w/V) = Q]e‘iwd/v}/A,,, (134d)
0 =4mwp FGlc, (13e)
A, = (k. + g.K,) el — (k. — e.K,) e, (13f1)

With the solution in the Fourier domain at hand, Eqgs.
(10)—(13), we can transform it to the ¢, x domain by taking
the inverse transforms in the form

Ey(z,x,t)zj dwf dgei“”_igxg},(z,g,w) (14)

and the same formulas used for the other fields. Our numeri-
cal calculations of radiation patterns and oscillograms for
specific materials in Sec. VI will be based on this formula.

To find the energy (per unit length of the line source)
emitted from the slab in the forward direction, we integrate
the z component of the Poynting vector S,=—(c/4m)E,B,
and S,=(c/4mE,B, for s and p polarizations, respectively,
taken at z>d over infinite intervals —coc<x<<+% and —o
<t<+. This yields the total energies W , radiated in the
+z direction, for s and p polarizations, respectively, in the
form

/2 %
W,p= f dﬁf dow, ,(6,0), (15)
—7l2 0
where the spectral-angular density of energy is
Cy(g,m)|]>, s-waves
wsp(ﬁ,w)=2'n'a)cos2 0 ICale 5 (16)
’ |D,(g,w)]*, p-waves,

and angle 6 is measured in the x, z plane with respect to the
+z direction. When substituting Eqs. (11c¢) and (13c) for
C,(g,w) and D4(g,w) into Eq. (16), the transverse wave
number g should be expressed in terms of w and # using g
=(w/c)sin 6. The waves, emitted at a fixed 6, have a con-
tinuous spectrum, according to Egs. (15) and (16), so that the
angular density of the radiated energy can be found by inte-
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grating w; (6, w) over w: w, ,(6)=[jdow, ,(6,w).

Equations (15) and (16) give the total terahertz energy
emitted from the slab in the forward direction including the
terahertz pulses that experience double and multiple reflec-
tions from the slab’s boundaries and arrive at the detector
with a periodic delay. In practice, however, only the first
(direct) terahertz pulse is typically used. To filter out the
rereflected pulses in our numerical calculations below, we
integrate the Poynting vector over a time window that is
greater than the duration of the first terahertz pulse but
smaller than the round-trip time in the slab. Those time
scales are well separated for slab thicknesses d>100 um
typically used in experiments. The contribution of the re-
reflected pulses into the radiated energy is small (=10% in
the examples below) but it would lead to undesirable inter-
ference fringes in the generated spectrum.

V. TERAHERTZ GENERATION IN A SEMI-INFINITE
MATERIAL

To get an analytical insight into the process of terahertz
generation in the crystal, let us set aside for a while the
effects that arise from the presence of the exit surface of the
crystal at z=d and consider first the limiting case of a semi-
infinite crystal (d—cc). The main differences between the
solutions for s- and p-polarized waves arise from their dif-
ferent transmissions to vacuum. Since effects related to the
end transmission are not the subject of this section, we will
focus here on the simpler case of s polarization. In the limit
d—, Egs. (11b) and (11d) for C,, 5 are simplified to C,
=C,—-A, C,=A(k,+w/V)/(k,+k.), and C3=0, and the elec-
tric field transform in the crystal becomes

K, + olV
— e

Ey(z,g,w) =A( —iK.Z _ e—iwz/V) , (17)

Ky + K,
where A is still given by Eq. (11a). Equation (17) consists of
free-wave (the first term) and forced-wave (second term) re-
sponses.

A. Planar optical pulse

In the planar source limit (¢, — ), the function G(g) in
the coefficient A transforms to the delta function &(g):

G(g)— 8(g). Substitution of Eq. (17) into Eq. (14) gives

” F(w)
E(z,1) = 47prf dw—8 (@) 2
w . .

—

« IT”g giti= Wl _ giwi=aV) | - (1g)
I+ Ve (w)

In Eq. (18), the free-wave response (first term in the brack-
ets) propagates with distortion due to dispersion and absorp-
tion. The forced-wave response (second term in the brackets)
propagates without changing its shape.

In the superluminal regime, when n§<sc(a)), the inte-
grand in Eq. (18) has no peculiarity. Therefore, as a first
approximation, we can neglect the dispersion and absorption
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in the terahertz range and consider e.(w) as a real constant
n, (more accurately, an additional condition on the pulse du-
ration wroTrwhm > | is required to avoid the distortion of the
spectrum in the vicinity of wytg and the excitation of the
upper polariton branch). This allows us to evaluate the inte-
gral (18) analytically:

E,(z,0) = 4—%[%1&*<t—z—”’> —F<t—‘5/)]. (19)

n;—n, 1+n, c

Equation (19) predicts the generation of two terahertz pulses
of the same (Gaussian) shape, which mimics the envelope of
optical intensity, but with different amplitudes and opposite
signs. The pulses propagate with different velocities: the
forced-wave response propagates with the velocity of the
pump laser pulse (i.e., the optical group velocity) and the
free-wave response propagates with the group velocity in the
terahertz range. From the physical point of view, the forced-
wave response is near field and the free-wave response is
free-space radiation. Near the entrance surface of the crystal
(z=0), the pulses coincide in time and partially compensate
each other; in the course of propagation they become sepa-
rated and, therefore, the total terahertz field increases. Thus,
it is convenient to introduce a walk-off length as the position
inside the crystal at which the total terahertz field shows two
separate pulses as a function of time. This walk-off length is

c

L,= TFWHM - (20)

n,—n,

The introduced walk-off length should be distinguished from
the so-called coherence length that characterizes the interac-
tion of a moving source with a specific terahertz harmonic.?’
Although the walk-off length was introduced earlier in Ref.
11, our Eq. (20) and preceding discussion give a more accu-
rate definition for the walk-off length and clarify its physical
meaning. Interestingly, the separation of the two terahertz
pulses in space is characterized by another walk-off length
L= (ctpwnm/2)(1+n,/n,)/ (n,~n,) that can differ signifi-
cantly from L, given by Eq. (20) if n,<n,. The walk-off
length L;"*° gives the position of the optical pulse when the
two pulses become separated spatially at some specific mo-
ment of time. We will use L} to interpret the snapshots in
Sec. VL

While the amplitude of the forced-wave pulse does not
change for z>L,, dispersion and absorption, if taken into
account, should lead to gradual distortion and fading of the
free-wave pulse. The generation of two terahertz pulses was
predicted earlier in Refs. 22 and 24; however, Eq. (19) de-
fines more correctly the amplitudes of the pulses. In particu-
lar, unlike Refs. 22 and 24, Eq. (19) predicts a nonzero total
terahertz field at z=0.

For a more careful analysis of Eq. (19), it is useful to
distinguish two limiting regimes for superluminal materials:
strongly superluminal regime, when n§<80 like in LiNbO;3
(see parameters in Sec. VI), and weakly superluminal re-
gime, when n§ is only slightly less than g (nézso) like in
GaAs (Sec. VI). In the strongly superluminal regime, the
forced-wave pulse, according to Eq. (19), significantly ex-
ceeds the free-wave pulse in amplitude and, therefore, a fi-
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nite total terahertz field, approximately equal to the forced-
wave response, appears just after the optical pulse enters the
crystal. Besides that, due to significant difference in the ve-
locities of the forced- and free-wave responses, they split up
at a small distance, smaller than the laser pulse length (L,
~ cTpwam/ 1, < ¢ Tewnm/ 1), from the entrance surface z=0
and propagate further separately.

In the weakly superluminal regime, the pulses have al-
most equal amplitudes and practically cancel each other near
z=0; the total terahertz field gradually grows with z from
zero and until the pulses become separated, i.e., within the
walk-off length L,,. The latter is comparatively large in this
regime [L,,=cTrwim/ (n,~14) > ¢ Trwnm/ ] due to small dif-
ference in the velocities of the pulses. For 0<z<L,, Eq.
(19) can be reduced to

47p,z dF
b~ Amz dF @

v c(n,+ny) dé’

This means that the total terahertz field is proportional to the
derivative of the optical pulse intensity envelope taken with
negative sign and the passed distance z. The maximum value
of the terahertz field is

4\,27Tp:z 12 (22)

B~ e

at §—+7'/ V2. For a fixed energy of the optical pulse, p,
« 77! in Eq. (22) and |E, |y, > 7% Respectively, the energy
of the terahertz field scales as «73. For z>L,, when the
forced- and free-wave pulses become entlrely separated, their
amplitudes should be significantly greater than the ampli-
tudes of the pulses in the strongly superluminal regime due
to smallness of the denominator in Eq (19) at n,=n,. More-
over, since the denominator & (w)— n in Eq. (18) varies sig-
nificantly with frequency in the Weakly superluminal regime,
the low frequencies will be pronounced in the terahertz spec-
trum.

In the subluminal regime, there is a peculiarity in the
integrand in Eq. (18) and, therefore, dispersion cannot be
neglected. Calculations for this regime will be done in Sec.
VI for ZnTe. Here, we focus on the derivation of an analyti-
cal formula for the forced-wave response that is the limiting
form of the terahertz pulse at large distances z where the
free-wave response is completely extinguished by absorp-
tion. Extending integration in Eq. (18) to the complex w
plane, one can represent the forced-wave response as a sum
of two terms: near field of the moving source and radiation
behind the source. The latter is given by residue contribu-
tions from the poles defined by the equation sc(w)—n§=0.
Using the one-phonon-resonance formula (4) for &.(w), we
find the positions of the poles, w=+wy+iy/2, where

Wy = wTo\( 80)/(n ) = Y(dwto), (23)

and then calculate the residue contributions:
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32 2
4m7py (g9 — &) W T oGPPI e

wo(ng —&,)°

X sin(wyé — ywym14). (24)

E(z,1) =

Equation (24) describes a quasimonochromatic wave packet
propagating behind the laser pulse with the same velocity V
and decaying with decrement y/(2V) with distance from the
pulse. According to Eq. (24), the optimal duration of the
laser pulse, that maximiz_es the terahertz field magnitude, is
given by 7\ w%—y2/4:\s"2, or wyT= V2 for small damping.
However, the optimal pulse duration is relevant only to the
case when p, is independent of 7, i.e., for a fixed optical
intensity. For a fixed energy of the optical pulse, pyT=const
in Eq. (24) and thus 7 affects the terahertz field magnitude
only via the Gaussian factor. Thus, shortening of the optical
pulse increases the generated terahertz field. This increase,
however, saturates at 7<< wal (for example, at 7<<60 fs, or
Trwam < 100 fs, for wy=2.5 THz). Since the length of the
terahertz wave packet is independent of 7, the terahertz en-
ergy similarly exhibits the dependence on 7 only via the
Gaussian factor and saturates at 7<wj' (see also Ref. 11).
It is interesting to compare Eq. (18) with the correspond-
ing expression that follows from the slowly varying envelope
approximation (SVEA) (see, for example, Ref. 11):

o F(w)
ESVEA(L 1) =2 f 7
y (Z t) TPy o \/SC((U)(\/”SC(Q)) - ng)

eiw(r—zlv)]. (25)

In the superluminal regime, neglecting the dispersion
(Ve, e (w)—n,) in Eq. (25) gives

_ 2™ LT D O
_n,(nl—ng)[F<t C) F(l V)] (26)

Comparing Eq. (26) with the more accurate Eq. (19), we
conclude that using SVEA leads to significant errors in the
amplitudes of the free-wave and forced-wave responses if 7,
and n, differ significantly (for example, as in LiNbO;, see
parameters in Sec. VI). For similar values of n, and n, or in
the subluminal regime, as we carefully checked for GaAs
and ZnTe (Sec. VI), the SVEA formula (25) works very well.

< [eiw(t—\fsc(w)z/c) _

ESVEA 1)

B. Focused optical pulse

For an arbitrary transverse size of the laser beam, the
limiting form of the generated terahertz field at large z can be
found by substituting the forced-wave response (second
term) from Eq. (17) to Eq. (14). In the inner integral on g of
Eq. (14), we close the integration contour in the lower half-
plane of the complex g plane for x>0 and in the upper
half-plane for x<0. The contours are similar to that we used
earlier in Refs. 35 and 38, but without any branch cuts. The
residue contributions to the integral from the poles given by
gz—(w/c)z[sc(w)—n§]=0 define the Cherenkov cone; the
contributions from the semi-infinite straight lines tilted at an
angle of 45° with the axes (see Refs. 35 and 38) give the near
field of the moving source. Thus, unlike the limit of a planar
laser pulse, the forced-wave response consists of both the
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FIG. 3. Graphical solution of Eq. (29). In the subluminal regime
(a), there are two roots w;, for a<ay,,; these roots merge at w-
for a=ay,,. In the superluminal regime (b), there is only one root
w; if sw<n§<so [curve 1 starts from (80/n§—1)1/2 at w=0]; the
second root w, appears from the upper branch (curve 2) for n§
<e., [curve 2 tends to (sw/nz— D2 at w—oe].

near field and the Cherenkov cone. Taking into account only
the residue contributions and, thus, neglecting the near field,
we obtain (assuming for simplicity y=0)

877221)2,

¢ Sc(“‘)>”g

Ey(z7x7 t) =

(27)

with g=(w/c)[e(w)-n;]"2. Integration in Eq (27) goes
over the intervals of positive w where &.(w) >n For g.(w)
given by Eq. (4) with y=0, the intervals are as follows (i)
wy< w<wrg in the subluminal regime (n >80) (i) 0<w
< wrg in the superluminal regime with sm<n < g, or (iii)
0<w<wrg and wy<w<c in the superlummal regime with
n§<sw [wy is given by Eq. (23) at y=0].

Integral (27) can be asymptotically evaluated for large &
using the stationary phase method:

8p. 2 - -
o3 2| = Fw)Gg)
c i 8i |g[x|

X sin{ w;€— gilx| - g sgn(g;f)] . (28)

E\(z,x,1) =

where g/ denotes the second derivative with respect to @
taken at w;, and the sum is taken over the frequencies w; for
which
Vd—g _ve =cot a, (29)
do |x|

where « is a half-apex angle of a cone with its apex on the
moving laser pulse &=0.646

In the subluminal regime, Eq. (29) has two roots w; , for
a fixed cone with angle a< a,,,, [Fig. 3(a)]; the maximum
angle a,,,, in Fig. 3(a) corresponds to the horizontal tangent
to the curve Vg'(w) (g’ =dg/dw) at its minimum where w
=w:. A superposition of two harmonic oscillations with fre-
quencies w; and w, should give the beats in the field distri-
bution along the cone. The beat frequency decreases with
increasing « as the two roots w;, move closer to w: [Fig.
3(a)]. Using Eq. (4), we find the angle «,,,, of the overall
Cherenkov cone and the frequency w- at the cone:
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4wTOw*(n2 —e,)!?
Cot (px = s
V3n (wTO w?)

(30a)

0. = 010\ +3(12—e)/(n> =)~ 1. (30b)

In the superluminal regime, Eq. (29) has only one root w; if
sw<n <¢g. In this case, the maximum cone angle corre-
sponds to zero frequency [Fig. 3(b)] and equals

cot amaxz(s()/ng— 1), (31)

If n§ <., the root w, appears due to the upper branch of the
dispersion curve. The maximum cone angle of the upper-
branch polaritons corresponds to w—o [Fig. 3(b)] and
equals

= (e./ny—1)"". (32)

COt pax

In the strongly superluminal regime, when &.(w) signifi-
cantly exceeds n? and, therefore, can be approximated (at
wtoTrwam S 1) by €, integral (27) can be evaluated analyti-
cally (see also Ref. 31):

27732 2‘€L7'

E (z,x,1) =
' CTeff(80 2)1/2 dn

F (7. Terr) (33)

where F(7,7.) is the Gaussian function (2) with 7= 3
—(Jx|/¢)(gg- n2)1/2 used instead of £ and Tu=[7+€> (g,

2)/ 22 used instead of 7. According to Eq. (33), the field
d1str1but10n across the Cherenkov cone [Eq. (31)] is given by
the derivative of the laser pulse intensity envelope taken with
a negative sign, i.e., it consists of two adjacent terahertz
pulses of opposite polarities. Interestingly, the effective char-
acteristic time 7. of the Gaussian function F(7,7.) and,
therefore, the duration of the terahertz pulses at the Cheren-
kov cone (the cone’s thickness), depends both on the dura-
tion 7 and the transverse size €, of the optical pulse. For
€, > cr(gg—n;)™""2, 7.4 depends mainly on ¢ —the terahertz
field distribution across the cone becomes smoother with in-
creasing € . For £, <cm(gg—ng) ™", 7o is practically inde-
pendent of the degree of focusing and depends mainly on 7.
According to Eq. (33), the maximum value of the terahertz
field at the Cherenkov cone is

2m)3? pzfﬁ' i (34)

712¢
7'§ff(80 g)l/z

at p==x7/ V2. For a fixed energy of the optical pulse,
p, € 7=const in Eq. (34) and |E,| ;. 7. eff Thus, for a given
7, a decrease in €| leads to an increase in |Ev|max, however,
when ¢, becomes smaller than c¢7{(g,— ni) 122 further focus-
ing adds little to the terahertz field magnitude. Similarly, for
a given € |, a decrease in 7 leads to an increase in |E | max
until 7 becomes smaller than € | (g,— nz)uz/ c. If we fix the
optical intensity rather than energy (p, —const) and also fix
€, in Eq. (34), then |E |max* 7/ 72 and an optimal pulse
duration 7, =€ | (gg—n )[‘

|E |mdx

"2/ ¢ appears that maximizes |E,| .
to (2/e)"?ap,/(gy—n ) Essentially, the generated tera-
hertz spectrum OCp}€ LT exp(—w i/ 4) [see Eq. (27)] has a
maximum 7, flf at W= \2; the position and magnitude of
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the maximum depend on both parameters 7 and ¢, of the
laser pulse.

A weak absorption, described by Eq. (4) with y<wro,
can be incorporated into Eq. (33) by substitution

2 2y(g9—&.)x| |2
Teff = | Teff 2)1/2

(35)
w%oc(so —n,

According to Egs. (33) and (35), absorption results in a
gradual fading of the terahertz field at the Cherenkov cone
and spreading of the field’s distribution across the cone with
distance |x|. Consequently, the Cherenkov cone acquires a
finite size with a half-width estimated as

1] o2 = 1) (36)
e 2Y(gp— &)

and the length Az=|x|;ax COt Xpay-

Let us now proceed to the analysis of the optical-to-
terahertz conversion in specific crystals using the general for-
mulas we derived.

VI. TERAHERTZ GENERATION IN A SLAB: LiNbO3,
GaAs, AND ZnTe

To retrieve specific results from the general solution, we
have to define dispersion and nonlinear properties of the ma-
terial. Assuming that the material is undoped and, therefore,
the contribution from free carriers can be neglected, we at-
tribute the dispersion in the terahertz range to phonon reso-
nances. We use mainly the one-resonance formula (4). How-
ever, in the case of ZnTe, a generalized formula including
several phonon resonances will be used in the calculations
for more accurate description of the linear absorption in the
terahertz range.

According to our analysis, the component p, of the non-
linear polarization generates terahertz radiation less effi-
ciently as compared to p,, and, in addition, it produces an
inconvenient for practical applications angular distribution of
terahertz emission from the slab with zero intensity in the z
direction. Therefore, we focus on the crystallographic orien-
tations of the materials that maximize p, or p, at p,=0.

A. Strongly superluminal regime: LiNbO; excited with
an 800 nm optical pump

To verify the correctness of our approach, we consider at
first the emission of terahertz waves by Ti:sapphire laser
pulses in a rather well studied superluminal material such as
LiNbO;. We compare our results with the calculations of
Ref. 18 based on the dispersionless approximation of Ref.
31, two-dimensional finite-difference time-domain (FDTD)
simulation of Ref. 41, and numerical and experimental re-
sults for LiTaO3, which is another perovskite material simi-
lar to LiNbO5.

We consider the optimal geometry typically used in ex-
periments: in our coordinate system, the optical axis of the
crystal is along the y axis (Fig. 1), and the laser pulse is
polarized along the optical axis and produces nonlinear po-
larization in the same direction with py=d33E(2), where d3; is
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FIG. 4. (Color online) Snapshots of E(z,x,t) in LiNbO; at
successive moments of time (numerated in order) for (a) € | pwim
=300 um and (b) € pwm=30 wm. The laser pulse duration is
Tewnm= 150 fs and the peak laser intensity I, is (a) 1 GW/cm? and
(b) 10 GW/cm?. The crystal thickness is d=1.6 mm, and the crystal
boundaries are shown by the thin vertical lines. The dashed pointers
show the terahertz fields reflected from the exit surface of the
crystal.

the nonlinear coefficient and E|, is the amplitude of the opti-
cal field in the crystal. Thus, only s-polarized terahertz waves
will be generated by p,. We used the one-phonon-resonance
formula (4) with the same parameters as in Ref. 42:
wro/ (2m)=7.44 THz, &,=26, &,=10, and y/(2m)
=0.844 THz. The optical group refractive index and nonlin-
ear coefficient were taken from Ref. 9: n,=2.23 and dj;
=166 pm/V.* Since n§<80, LiNbO; may be classified as a
strongly superluminal material.

Figure 4 shows the spatial distribution of the electric field
E, calculated on the basis of Eqgs. (10), (11), and (14) for

PHYSICAL REVIEW B 76, 085346 (2007)

T ‘1'-:' L B R T T
1 0.2 0.3 0.4
z (mm)

0.3 i
01 00 O

FIG. 5. (Color online) Snapshots of E (z,7) in LINbO; plotted
on the basis of Eq. (18) (solid lines) and Eq. (19) (dashed lines) for
successive moments of time (numerated in order). The laser pulse
duration is Trwym=150 fs and peak pulse intensity is I,
=1 GW/cm?%

several successive moments of time and two values of the
beam width € | gwiy=300 and 30 wm. In the calculations,
the energy of the optical pulse (per unit length in the y di-
rection) was fixed to 5 uJ/cm, so the peak laser intensity
Ip=(c/ 87T)n0ptE(2,, with n,,=2.16 the optical refractive
index,’ differs by a factor of 10 in Figs. 4(a) and 4(b): 1 and
10 GW/cm?, respectively. The laser pulse duration was
Tewnm= 150 fs, which is typical for experiments. This value
is significantly smaller than €l(80—n§)”2/c in the formula
for 7. at € pwav=30 wm. For LiNbOj;, the inequality 7
<4, (g9-n)""/c can be reduced to 7{fs]<15¢, [um].
Thus, using smaller 7wy does not give any increase in the
magnitude of the generated terahertz field according to dis-
cussion after Eq. (34).

In the case of weak focusing [Fig. 4(a)], the radiation
pattern inside and near the crystal is practically one dimen-
sional; weak rudiments of the Cherenkov cone are barely
visible. On entering the crystal, the laser pulse produces re-
flected transient radiation in vacuum (moment 1). Inside the
crystal, the pattern evolves in accord with Eq. (19) (moments
1 and 2). The two pulses (free and forced responses) have the
same duration; their amplitudes differ by a factor of 2 and
have opposite signs. They propagate with different velocities
such that the free-wave response lags. The pulses become
separated at the walk-off length L°=~26 um (L,
=~ 16 wm). After that, the forced-wave pulse practically does
not change; dispersion and absorption included in Fig. 4(a),
but neglected in Eq. (19), lead to a gradual spreading and
fading of the free-wave pulse as evident from a comparison
between moments 2 and 3. At moment 3, we can also see the
signals reflected from the exit surface of the crystal and
transmitted through it. For the transmitted to vacuum radia-
tion, one can see the formation of far field, which can be
related to that in the near field by a temporal derivative®® in
agreement with Fig. 4(a).

To study more carefully the effects of dispersion and ab-
sorption, we compare the snapshots for E(z,t) using the
exact [Eq. (18)] and approximate [Eq. (19)] solutions in the
one-dimensional case (Fig. 5). The agreement is very good
for the forced-wave (negative) pulse, although Eq. (19) over-
estimates the pulse amplitude by ~10%. For the free-wave
response (positive pulse), the agreement is reasonable for z
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FIG. 6. (Color online) The (a) free-wave and (b) forced-wave
responses in LiNbOs for the same parameters as in Fig. 4(b), mo-
ment 3.

~0.1 mm; for larger z, the dispersion broadening and ab-
sorption become significant. Calculations show that for
longer optical pulses, the effect of dispersion manifests itself
at larger z. Additionally, Fig. 5 demonstrates the growth of
the positive pulse magnitude in the beginning of the genera-
tion process due to separation of the forced- and free-wave
responses within the coherence length; simultaneously, the
reflected terahertz pulse in the air is formed.

In the case of strong focusing [Fig. 4(b)], the radiation
pattern produced by the laser pulse moving inside the crystal
(the moments 1-3) consists of the Cherenkov cone (or
wedge) with its apex on the moving laser pulse and a cylin-
drical wave propagating from the air-crystal interface z=0 in
the +z direction (there is also weak transient radiation in the
air propagating in the opposite direction, shown for moment
1). These two main parts of the radiation pattern can be
attributed, respectively, to the forced- and free-wave re-
sponses in Eq. (17). The free-wave response consists of the
cylindrical and conical parts [Fig. 6(a)]; the conical part
completely cancels the infinite Cherenkov cone of the
forced-wave response [Fig. 6(b)] behind the points where the
cone contacts the cylindrical wave [Fig. 4(b)]. Due to differ-
ence in optical and terahertz group refractive indices, the
Cherenkov cone moves faster than the cylindrical wave in
the +z direction, whereas in the perpendicular to the cone’s
ray directions, they move synchronously and touch each
other at all times [Fig. 4(b)]. The electric field at the cone
varies in the normal to the cone direction as the first deriva-
tive of the laser pulse envelope, i.e., consists of two pulses of
opposite polarities, according to Eq. (33). The opening angle
of the Cherenkov cone «,,,, is about 26°, in accord with Eq.
(31). The Cherenkov angle 6.,=7/2—ap,~64° signifi-
cantly exceeds the critical angle of the total internal reflec-
tion 6,,~11.3° at the crystal-air boundary. Consequently,
the Cherenkov cone is totally internally reflected at the exit
crystal-air interface [see Fig. 4(b), moment 4]. This agrees
with predictions of Ref. 4. The cylindrical wave visible in the
air at z>d is the transient radiation propagating from the
point where the laser pulse crosses the boundary z=d.

The radiation pattern for moments 2 and 3 in Fig. 4(b) is
in good agreement with FDTD simulation of Ref. 41. Some
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FIG. 7. (Color online) Snapshots of E\(z,7) in LiNbO; plotted
on the basis of Eq. (18) for 7pwmy=75 fs (solid line) and Tewpm
=150 fs (dashed line). The peak laser intensity is Io=1 GW/cm?.

discrepancy with Ref. 6 in the number of oscillations on the
Cherenkov cone is due to the use of much shorter pulses
(~60 fs) in Ref. 6 as compared to what we used for Fig.
4(b). The shorter pulses allowed the excitation of the upper
branch of the phonon polariton dispersion curve. Moreover,
damping was neglected in Ref. 6. Figure 4(b) also confirms
the conclusion, made in Ref. 18, that the generated terahertz
energy increases with the distance passed by the laser pulse
in the crystal via increasing the size of the Cherenkov cone at
constant terahertz intensity at the cone. The maximum size of
the cone is, however, limited by Eq. (36) due to absorption in
the terahertz range. For mrwpv=1501fs and €| pwpum
=30 wm, the size of the Cherenkov cone in LiNbOj is esti-
mated as Az~4 mm.

Figure 7, plotted on the basis of Eq. (18), demonstrates
the effect of phase-matched excitation of the upper-branch
phonon polaritons by a planar laser pulse shorter than 100 fs.

Mathematically, the Gaussian factor F(w) with Tewmy
> 100 fs brings to naught the integrand in Eq. (18) at fre-
quencies higher than w;g/(27)= 12 THz. The shorter laser
pulses (Tpwum=75 fs, Fig. 7) can excite the upper-branch
polaritons much more efficiently and we clearly observe in
Fig. 7 high-frequency oscillations imposed on the two-pulse
structure formed by the lower-branch polaritons. Interest-
ingly, absorption for the upper-branch polaritons decreases
with its frequency. Consequently, polaritons with higher fre-
quencies should reach higher magnitudes in the course of
phase-matched excitation.

Finally, comparing the efficiencies of the optical-to-
terahertz conversion in the cases of strong [Fig. 4(a)] and
weak [Fig. 4(b)] focusing, one can see that the strong focus-
ing allows one to generate much stronger terahertz fields
inside the crystal. However, special efforts are required to
extract the terahertz Cherenkov radiation from the
crystal.>!"1 An interesting possibility is to generate
p-polarized Cherenkov radiation and cut the crystal at the
Brewster angle to the Cherenkov cone.

B. Weakly superluminal regime: GaAs excited with a 1.56 um
optical pump

In the case of GaAs excited with fiber laser pulses, we
still have the superluminal regime but not so well pro-
nounced as in LiNbOj;. Indeed, in GaAs the optical group
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refractive index n,=3.55 at 1.56 um differs only slightly
from Ve,=3.59, where ,=12.9.% According to terminology
of Sec. V, this case may be classified as the weakly superlu-
minal regime.

We consider a (110)-cut GaAs crystal with the [001] crys-
tallographic axis oriented at an angle =~55° with respect to
the electric field of a linearly polarized laser beam. In this
configuration (optimal for all zinc-blende crystals), the non-
linear polarization induced in the crystal due to optical rec-
tification is maximal and codirectional with the electric field.
The maximized amplitude of the nonlinear polarization is p
=\4/3d\,E2%  with  dy,=65.6 pm/V  the nonlinear
coefficient.” We focus mainly on the case of s polarization,
when p=p,, although the peculiarities of terahertz emission
from the slab in the case of p polarization, when p=p,, will
be discussed as well. We use the one-phonon-resonance for-
mula (4) with wpo/(27)=8.1 THz, &,=11, and y/(2m)
=0.07 THz.'°

Figure 8 shows the spatial distribution of the electric field
E, calculated on the basis of Eqgs. (10), (11), and (14) for
several successive moments of time and two values of the
laser beam transverse size: € | pwv=300 and 30 wm. As be-
fore, the energy of the optical pulse is fixed (but now to
50 nJ/cm), so the peak laser intensity I, differs by a factor of
10 in Figs. 8(a) and 8(b): 10 and 100 MW/cm?, respectively.
The laser pulse duration is Trwppn=150 fs.

In the case of weak focusing [Fig. 8(a)], the generated
terahertz field evolves inside the crystal in accord with the
scenario described in Sec. V for the weakly superluminal
regime (moments 1-4): the free- and forced-wave responses
practically cancel each other near the entrance surface z=0;
the total terahertz field behaves, in general, according to Eq.
(21), i.e., it follows the derivative of the optical intensity
envelope and grows with z; multiple oscillations in the wave
form (moments 3 and 4) arise due to dispersive distortion of
the free-wave response. Incidence of the generated terahertz
pulse on the exit surface of the crystal produces the reflected
and transmitted terahertz radiations (moment 5); the trans-
mitted to the air electric field is enhanced by a factor of ~1.6
due to reduction in the refractive index. The output radiation
contains more oscillations in the far field (moment 5) as
compared to the case of LiNbOjs. It is noteworthy that the
reflected transient radiation in the air (z<0) is indiscernible
in Fig. 8(a) (moment 1) because of its weakness in compari-
son with the output terahertz radiation.

To illustrate the dynamics of the terahertz field generation
inside the crystal in more detail, we plotted in Fig. 9 the
forced- and free-wave responses, as well as the total terahertz
field, calculated for several successive moments of time us-
ing the one-dimensional Eq. (18). It is seen in Fig. 9 that the
dispersionless approximation (21) works very well up to z
~ 1 mm; for larger z, an essential oscillatory tail forms in the
wave form due to dispersion. The walk-off length L,,, intro-
duced in Sec. V and taken at n,=vg;, is estimated for
Tewnm =150 fs and parameters of GaAs as L,=~L}
~ 1.1 mm. At this distance, the forced- and free-wave re-
sponses become separated at the half-amplitude level.

In the case of strong focusing [Fig. 8(b)], the general
structure of the radiation pattern formed behind the moving
source (moments 1-4) is similar to that for LiNbOj5: the for-
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FIG. 8. (Color online) Snapshots of Ey(z,x,7) in GaAs at suc-
cessive moments of time (numerated in order) for (a) € pwum
=300 um and (b) ¢ pwum=30 wm. The laser pulse duration is
Trwnm=150 fs and peak laser intensity I, is (a) 10 MW/cm? and
(b) 100 MW/cm?. The crystal thickness is d=1.2 mm, and the crys-
tal boundaries are shown by the thin vertical lines. The dashed
pointers show the terahertz fields reflected from the exit surface of
the crystal.

ward part is the Cherenkov cone of the forced-wave response
which is followed by the cylindrical wave of the free-wave
response. The opening angle of the Cherenkov cone is about
81° that is in accord with Eq. (31). As in LiNbOj3, the conical
part of the free-wave response [Fig. 10(a)] cancels the Cher-
enkov cone [Fig. 10(b)] behind the points where the cylin-
drical wave touches the Cherenkov cone [Fig. 10(c)]. Due to
proximity of the velocities of the Cherenkov cone and the
cylindrical wave in GaAs, they are not so well separated as
in LiNbO; at distances z=<1 mm that are typically used in
experiments.10 Nevertheless, the total terahertz field gener-
ated at such distances is only an order of magnitude smaller
than in LiNbO3 even for optical intensities which are 100
times lower [compare with Fig. 4(b)]. Additionally, disper-
sion gives rise to several oscillations both on the Cherenkov
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FIG. 9. (Color online) The free-wave (open circle) and forced-
wave (filled square) responses and the total terahertz field E,(z,7)
(solid line) in GaAs plotted on the basis of Eq. (18) for successive
moments of time. The laser pulse duration is Trwy=150 fs and
peak laser intensity is =10 MW/cm?.

cone and free-wave response [Figs. 10(a) and 10(b)]; in the
course of propagation, the free-wave response spreads in the
number of oscillations. Since the Cherenkov angle 6.,
=7/2— ., =~9° 1s less than the critical angle of the total
internal reflection 6,,,=~ 16.2° at the crystal-air boundary, the
Cherenkov cone couples to outgoing radiation in vacuum
[moment 5 in Fig. 8(b), the reflected to the crystal radiation
at this moment is also seen in Fig. 8(b)].

For practice, it is interesting to study the dependence of
the optical-to-terahertz conversion efficiency on the degree
of the optical focusing and the crystal thickness. Figure 11
shows the conversion efficiency as a function of € | gy for
two polarizations of the optical pump and two crystal thick-
nesses. The generated terahertz energy was calculated using
the time window to filter out the rereflected terahertz pulses
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FIG. 10. (Color online) The (a) free-wave and (b) forced-wave
responses and (c) the total terahertz field in GaAs for the same
parameters as in Fig. 8(b).
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FIG. 11. (Color online) Efficiency of the optical-to-terahertz
conversion in a slab of GaAs as a function of the laser width
€ pwrm for s (solid line) and p polarization (dashed line) of the
optical pump and two thicknesses of the slab (values shown near
corresponding curves). Dotted curves show the result of calculation
in the plane-wave approximation. The laser energy is fixed and
corresponds to intensity Io=10 MW/cm? at € | pwuv=300 um, la-
ser pulse duration 7wy =150 fs. Inset: Angular density of the tera-
hertz energy emitted from the slab for s (solid line) and p polariza-
tion (dashed line): (1) €, pwum=300 um and d=1 mm, (2)
€ pwam=300 um and d=3 mm, (3) ¢, pwum=30 um and d
=1 mm, and (4) €| pwym=30 um and d=3 mm. For (1) and (2),
the curves for s and p polarizations coincide.

(see Sec. IV). Three conclusions can be drawn from Fig. 11.
First, the applicability of the plane-wave approximation de-
pends on the crystal thickness: with increasing d, this ap-
proximation becomes unsatisfactory at greater € | pwpm- If
we plot the efficiency as a function of the crystal thickness
calculated using the plane-wave approximation, it has a
maximum at d=2 mm. The maximum results from the in-
terplay of two factors—the growth of the total terahertz field
with z (within the walk-off length L,) due to separation of
the forced- and free-wave responses and weak gradual damp-
ing with z of the free-wave response. At the same time, for a
wide pulse (but of finite € | pwy, for example, 300 wm), the
conversion efficiency increases monotonically with d. This
can be attributed to the generation of obliquely propagating
plane waves by the edges of the laser pulse; correspondingly,
the angular spectrum of the generated terahertz radiation
widens with d (see curves 1 and 2 in the inset of Fig. 11).
Second, for strongly focused optical pump (€ pwhm
<50 wm), the efficiency is appreciably higher for p than for
s polarization of the pump owing to higher transmission of
p-polarized terahertz waves to vacuum. Third, the efficiency
growth with the crystal thickness d is more pronounced for
strongly focused laser pulses. For such pulses, the generated
terahertz energy grows with the propagation distance due to
lengthening of the Cherenkov cone; this is clearly demon-
strated by forming peaks in the generated angular spectrum
(curves 3 and 4 in the inset of Fig. 11). The presence of the
peaks in the spectrum corresponds to the formation of a hol-
low terahertz beam in the far-field region.

Figure 12 shows the spectral-angular density of the radi-
ated energy w,(6, w) [Eq. (16) with C4(g,w) convoluted with
the Fourier spectrum of the time window] for d=3 mm and
two values of the beam transverse size: € | pwiy=300 and
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FIG. 12. (Color online) Spectral-angular density of terahertz en-
ergy emitted from a slab of GaAs for (a) € pwym=300 um, I,
=10 MW/cm? and (b) €| pwiym=30 um, I,=100 MW/cm?. The
optical pulse is s polarized and its duration is 7wy =150 fs. The
solid line in (b) shows the relation between the emission angle and
frequency calculated using the Cherenkov condition sin «
=n,/\e.(w) and Snell’s law.

30 um. For the weakly focused laser pulse (€ pwum
=300 wm), the generated terahertz energy is predominantly
distributed in a comparatively narrow frequency interval
around 1 THz [0.8 THz< w/(27)<1.3 THz] and over small
angles #=<15°. For the strongly focused Ilaser pulse
(€ | rwv=30 um), the energy is distributed over higher fre-
quencies [1.5 THz< w/(27)<3 THz] and higher angles
(30° < 9#=<50°). The maximum of the spectral-angular den-
sity lies on the curve described by Cherenkov condition
sin @=n,/\e.(w) in which the angle « is related to the emis-
sion angle in vacuum 6 by Snell’s law (solid line in Fig. 12).
Comparing frames (a) and (b) in Fig. 12, one can conclude
that the emitted terahertz spectrum can be controlled by
varying the transverse size of the laser beam.

Our results were obtained under the assumption that the
diffractive and dispersive broadening of the laser pulse is
negligible. In practice, these factors put limits on the increase
of the crystal thickness and on the decrease of the pulse’s
width and duration. In Fig. 13, we plotted the conversion
efficiency as a function of the crystal thickness d choosing
€, for every d from the condition that the Rayleigh length
277n(,pt€i/ N (N=1.56 um, n,,=3.38 optical refractive
index*) equals d, i.e., choosing the minimal possible €
admitted by diffraction. The dashed segment of the curve
shows the region where d is greater than the length of dis-
persion  broadening of the optical pulse Ly,
=7/ |Pkop/ d0?|, with ko the optical wave vector. In the
dashed region, the dispersion broadening is significant for
Tewam = 150 fs. It follows from Fig. 13 that there is an opti-
mal thickness d ~3—-10 cm where the efficiency is maximal.
However, for so large thicknesses, dispersion broadening is
significant. Thus, to maximize the efficiency, one should take
the maximal possible thickness d~ 1 cm, that is admitted by
the dispersion, and focus the beam to the minimal size
€ | pwam ~ 30-50 um for which the diffractive broadening is
still not crucial (Fig. 13). The maximal efficiency is ~3
X 107.
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FIG. 13. Efficiency of the optical-to-terahertz conversion in a
slab of GaAs as a function of slab thickness d (solid-dashed line)
for the laser beam width € | pywp (dotted line) calculated from the
condition that the Rayleigh length equals d. The dashed segment
shows the region of thicknesses where dispersion broadening of the
optical pulse is significant. The optical pump is s polarized, the
laser energy is fixed at 50 nJ/cm, and 7wy =150 fs.

C. Subluminal regime: ZnTe excited with a 780 nm optical
pump

Let us now consider the subluminal regime of terahertz
generation in a slab of ZnTe excited with a Ti:sapphire laser
pulse. We take a (110)-cut ZnTe crystal typically used in
experiments. The crystal orientation is the same as for GaAs
(see Sec. VI B). The nonlinear coefficient d,4 in the formula
for the nonlinear polarization (Sec. VI B) is taken equal to
68 pm/V.? The optical group refractive index is n,=3.28
at 780 nm.>° We use two models for the dielectric permit-
tivity of ZnTe. In the first (simple) model, we take Eq. (4)
with the following parameters: g,=10, £,=7.44, wro/(2m)
=5.32 THz, and y/(27)=0.005 THz. The small value of the
damping rate vy is used to not obscure the qualitative features
of the terahertz field dynamics and, at the same time, to
avoid peculiarities in Fourier integrals [Egs. (14) and (17)] at
v=0. However, the experimentally measured absorption
spectrum of ZnTe below 5 THz has a behavior that is more
complicated than described by the one-resonance
approximation.?2243%40 To model it accurately, we add three
analogous terms to the simple model and fit the resonance
frequencies, damping rates, and oscillator strengths of all
four terms, as well as e, to the experimental data of Refs.
22, 24, 39, and 40.

Figure 14 shows the spatial distribution of the electric
field E, calculated on the basis of Egs. (10), (11), and (14)
for several successive moments of time and two values of the
laser beam transverse size: ¢ | pwym=300 and 30 um. The
energy of the optical pulse is fixed (50 nJ/cm), so the peak
laser intensity I, differs by a factor of 10 in Figs. 14(a) and
14(b): 10 and 100 MW/cm?, respectively. The laser pulse
duration is 7ewv=150 fs. We used the four-resonance
model of dispersion and absorption in the calculations.

In the case of weak focusing [Fig. 14(a)], the generated
terahertz field in ZnTe resembles the one for GaAs (see Sec.
VI B). The only noticeable difference is the appearance of
weak oscillations running in front of the main pulse. These
oscillations, which propagate faster than the optical pulse,
are the phonon polaritons that lie below the intersection point
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FIG. 14. (Color online) Snapshots of E\(z,x,?) in ZnTe at suc-
cessive moments of time for (a) € pwygy=300 um and (b)
€ pwam=30 wm. The laser pulse duration is 7ewy=150 fs and
the peak laser intensity I, is (a) 10 MW/cm? and (b) 100 MW/cm?.
The crystal thickness is d=1.2 mm, and the crystal boundaries are
shown by the thin vertical lines. The dashed pointers show the
terahertz fields reflected from the exit surface of the crystal.

of their low-frequency dispersion branch and the line &
=w/V (see Fig. 2). The oscillations are a part of the free-
wave response transiently excited at the interface z=0.

To illustrate the field dynamics in ZnTe in more detail, we
study the one-dimensional model (see Fig. 15, the one-
resonance model of absorption is used). The formation of the
terahertz pulse can be divided into two stages. During the
first stage, the pulse grows in magnitude without significant
changes in its shape [see moments labeled as 1, 2, and 3 in
Fig. 15(a)]. During the second stage, the pulse grows in
length without significant change in amplitude [see moment
5 in Fig. 15(a)]. To define the length at which the transition
from stage 1 to stage 2 takes place, we plot the field spectra
in Fig. 15(b) at several points along z. For z<<1.2 mm, the
main part of the spectrum grows with z. This means that the
pulse also grows as it propagates without changing its shape.

PHYSICAL REVIEW B 76, 085346 (2007)

50
40 (a)
30 ) 3 5
£20
o —
Emj
>.0i'4f
I'u-10j
-20]
-30]
-40%?.! T N T ?2N T T I T T ]3T N T T N T T ?ST T ‘
0.0 03 06 09 12 39 42 45 48
z (mm)
80
70 1
60 ;
N :
= 50 :
S ;
S0 |
>, 01 2 3 4
— /2 (TH |
o 304 w/2m (THz) |
20
10
T 1
O ‘ T T T T ‘ T T T T ‘ T T T T T [ T T T T ‘
0 1 W 2 Wo 3 4 5
w/2n (THZz)

FIG. 15. (Color online) (a) Snapshots of E,(z) in ZnTe at suc-
cessive moments of time for Ty =150 fs and I=10 MW/cm? in
the 1D case. (b) Spectra of E,(z) at several points along z [labeled
by arrows on (a), curve 4 is for z=1.5 mm] for the same parameters
as in (a). The inset in (b) shows the conventional coherence length
Leon(w) given by Eq. (38) as a function of terahertz frequency. The
frequency w,, defines the minimal L..(w), and w, is the frequency
where phase matching occurs.

After z=1.2 mm, a part of the spectrum in the vicinity of a
certain frequency w, starts to decrease with z, whereas other
frequencies continue to grow [most rapidly in the vicinity of
the frequency w, for which the phase matching occurs, see
Fig. 15(b)]. Correspondingly, the pulse shape should deform
too. One can define the distance when this starts to occur as
the buildup length. Mathematically, the buildup length is the
minimal distance at which a frequency component of

|Ey(w,z)| reaches maximum. This is equivalent to solving

IE (w,
E.(0,2)| 0

dz (37)

Solving Eq. (37) gives the dependence z(w), which describes
the positions inside crystal where various field components
reach their maxima. Using this dependence, we can find the
frequency w,, that gives the minimal z and define correspond-
ing buildup length L,=z(w)). Substituting Eq. (18) into Eq.
(37), we obtain
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FIG. 16. Snapshots of E,(z) in ZnTe for the same moments of
time and same parameters as in Fig. 15 but for more realistic four-
resonance model of absorption.

cT

7(w) = (38)

wlVe(w) - nl ’

This equation describes the so-called coherence length z(w)
=Leon(®).?° Thus, when phase matching occurs, the buildup
length is the minimum of L.u(w): L,=minL.(w)
=L¢y(wp) [inset of Fig. 15(b)].

Calculations using more realistic four-resonance model of
terahertz absorption in ZnTe do not give a significant differ-
ence from the above considered two-stage dynamics of tera-
hertz generation (Fig. 16). The stronger absorption influences
mainly the limiting form of the terahertz field at large z. This
form is in accord with Eq. (24) where vy is defined from the
experimental data of Refs. 22, 24, 39, and 40 on the terahertz
absorption at the phase-matched frequency w,.

The formation dynamics of the terahertz signal in ZnTe,
which we just described, clearly shows that the similarity
between the generated terahertz signals in GaAs and ZnTe,
which is observed in Figs. 8(a) and 14(a), can be rather mis-
leading as the signals are generated by two different physical
mechanisms. In the case of GaAs, the terahertz signal (free-
wave term) will always lag behind the generating optical
pulse for sufficiently long crystals, longer than the walk-off
length. While the terahertz pulse propagates, it spreads due
to dispersion; it also becomes weaker due to absorption. For
long samples, it completely disappears. This pulse is the
transient solution generated only because of the presence of
the boundary. In contrast, in ZnTe the terahertz signal never
lags behind the optical pulse but only becomes longer with
time. For infinitely long sample, the length of the terahertz
pulse is determined by absorption. This pulse is the forced-
wave solution. Thus, the similarity of patterns in Figs. 8(a)
and 14(a) can be attributed to rather small slab thicknesses
and importance of transient response in calculating the tera-
hertz signal.

In the case of strong focusing [Fig. 14(b)], one can dis-
cern the following components in the radiation pattern: a
cone, cylindrical waves outside the cone, and a plane wave
propagating in the z direction inside the cone. To interpret
the pattern, we plotted separately the free-wave [Fig. 17(a)]
and forced-wave [Fig. 17(b)] responses, as well as the total
terahertz field [Fig. 17(c)], for a large distance z~3 mm
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FIG. 17. (Color online) The (a) free-wave and (b) forced-wave
responses and (c) the total terahertz field in ZnTe for the same
parameters as in Fig. 14(b).

where all components of the pattern are more pronounced
(the one-resonance model with small absorption was used).
The forced-wave response consists of the Cherenkov cone
and the plane wave. The cone has angle «,,,,~45° and fre-
quency w- given by Egs. (30a) and (30b). The plane wave is
excited owing to phase matching and has frequency w, given
by Eq. (23). The beatings in the field distribution that are
visible in Fig. 17(b) near the cone are explained by Eq. (28)
and Fig. 3. Unlike the cases of LiNbO; and GaAs, the wave
fronts at the cone are tilted at a large angle to the cone and
propagate almost along the z axis—at an angle =10° to the
axis as can be found from Eq. (28). Interestingly, the struc-
ture of the cone is similar to that predicted in Ref. 46 for the
Cherenkov radiation from a laser pulse propagating through
a magnetoplasma. The free-wave response has a more com-
plicated structure [Fig. 17(a)] and is formed by the waves
that belong to different segments of the dispersion curve—
the fast waves with 0 << wy, the phase-matched wave at
wy, and the slow waves with wy<w<wrqg. Note that the
low-frequency oscillations have velocities greater than c/n,
and thus run in front of the main pulse. Despite the compli-
cated structure of the total terahertz field [Fig. 17(c)], the
propagation directions of the wave fronts do not deviate sig-
nificantly from the z axis almost in all points of the radiation
pattern. As a result, the maximum of terahertz emission from
the slab is in the forward direction [Fig. 14(b)]. This differs
drastically from the case of GaAs where the radiation pattern
inside the slab, which is quite similar to that in ZnTe at a first
glance, forms a hollow beam structure outside the slab [Fig.
8(b)].

Figure 18 shows the conversion efficiency as a function of
€ | pwnm for two polarizations of the optical pump and three
crystal thicknesses. Five conclusions can be drawn from Fig.
18. First, although the efficiency increases with the crystal
thickness, it saturates at d=~3 mm. Calculations for d
>3 mm show that the efficiency practically does not in-
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FIG. 18. (Color online) Efficiency of the optical-to-terahertz
conversion in a slab of ZnTe as a function of the laser width
€ pwam for s (solid line) and p polarization (dashed line) of the
optical pump and three thicknesses of the slab (values shown near
corresponding curves). The dotted curve shows the result of calcu-
lation in the plane-wave approximation for d=0.5 mm. The laser
energy is fixed and corresponds to intensity Io=10 MW/cm? at
€ | pwav=300 um, and the laser pulse duration is 7Tewmy= 150 fs.
Inset: Angular density of the terahertz energy emitted from the slab
for s (solid line) and p polarization (dashed line): (1) €| pwam
=300 pwm and d=0.5 mm, (2) € | pwpv=300 um and d=3 mm, (3)
€ pwam=30 um and d=0.5 mm, and (4) €| pwpv=30 um and d
=3 mm. For (1) and (2), the curves for s and p polarizations
coincide.

crease anymore. Thus, in practice it is useless to take crystals
thicker than ~3 mm. Second, the maximum of the angular
spectrum lies at #=0 independent of the crystal thickness and
the laser beam width (inset of Fig. 18), unlike the case of
GaAs. This confirms the conclusion of the previous para-
graph about the relation of the direction of terahertz emission
from the slab with the structure of the terahertz field inside
the slab. Third, maxima of the angular spectra for different
€ | pwim coincide (inset of Fig. 18). The increase of the effi-
ciency with focusing is due to widening of the angular spec-
trum. Fourth, the angular spectrum is more narrow for
thicker crystals. It can be explained by the lengthening of the
Cherenkov cone and the plane wave inside the cone [com-
pare Figs. 14(b) and 17(c)]. Fifth, the efficiency is almost an
order of magnitude smaller than the one for the GaAs crystal
of the same thickness and the same energy of the pump laser
pulse (compare with Fig. 11).

To study the limitations imposed on the achievable effi-
ciency by the diffractive and dispersive broadening of the
laser pulse, we plotted in Fig. 19 the efficiency as a function
of the crystal thickness d. As for GaAs (see discussion of
Fig. 13 in Sec. VI B), we determined € |, using the condition
that the Rayleigh length [taken at A=780 nm and 7, =2.86
(Ref. 10)] equals d. It follows from Fig. 19 that the optimal
thickness is d~1-3 mm and corresponding values of the
laser width are € pwpy~ 10-20 um. The maximal effi-
ciency is ~4 X 1075,

VII. CONCLUSION

To conclude, we have developed a theory that describes
terahertz generation via optical rectification of femtosecond
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FIG. 19. Efficiency of the optical-to-terahertz conversion in a
slab of ZnTe as a function of slab thickness d (solid-dashed line) for
the laser beam width € | gy (dotted line) calculated from the con-
dition that the Rayleigh length equals d. The dashed segment shows
the region of thicknesses where dispersion broadening is significant.
The optical pump is s polarized, laser energy is fixed to 50 nJ/cm,
and Trwpm =150 fs.

laser pulses in a slab of an electro-optic material in the case
when the pulse is focused to a line. Particular emphasis was
made on the formation of the terahertz signal upon the en-
trance of the optical pulse into the crystal and its subsequent
reshaping during the course of propagation. To relate our
results to possible comparison with experiments, we also ac-
counted for the transmission of the terahertz signal into
vacuum. The general formulas that we obtained include the
pulse parameters (width, duration, its group velocity) as well
as the material properties (dispersion and absorption of tera-
hertz waves in the crystal). Using the formulas, we studied
two situations of practical interest: when the optical group
velocity is greater than the fastest phase velocity of the co-
propagating terahertz waves (superluminal regime) and when
it is smaller (subluminal regime).

In the case of superluminal excitation, the resultant tera-
hertz field can be represented as a superposition of two tera-
hertz pulses (free and forced responses) that are formed upon
the entrance of the optical pulse into the slab. Initially, the
pulses overlap but become separated with propagation dis-
tance due to difference in their velocities. Using our formal-
ism, we rigorously defined a walk-off length as the distance
at which the pulses become separated in time. This quantity,
which has a clear physical meaning, is an adequate charac-
teristic of the terahertz generation process. Our theory also
predicted the formation of a backward propagating terahertz
pulse in vacuum after the optical pulse enters the crystal.
This prediction resulted from our use of the correct boundary
condition for the terahertz field (i.e., continuity of the field),
in contrast to the commonly assumed vanishing value of the
field.

In the case of subluminal excitation, one can also separate
the field into free and forced terms. However, due to phase
matching, these terms do not become separated in space. It is
more convenient to separate dynamics into two stages of
field formation. In the first stage, the terahertz pulse grows in
magnitude, while in the second it grows in length. We de-
fined the buildup distance that separates the two stages.

Both in the superluminal and subluminal regimes, our
theory gives a coherent consideration of the generated tera-
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hertz energy in dependence on laser focusing, in contrast to
the plane-wave approximation and models based on Bethe’s
diffraction theory.?226

Finally, we would like to finish our analysis with specific
recommendations on how to achieve efficient terahertz gen-
eration in various regimes in common materials such as
ZnTe and GaAs.

(1) In the case of ZnTe illuminated with ~800 nm fem-
tosecond laser pulses, the crystal thickness should be chosen
in the interval of 1-3 mm and the laser beam should be
focused to a width of 10-20 um.

(2) In the case of GaAs illuminated with ~1.5 um laser
pulses, the crystal thickness should be taken as large as it
admitted by the dispersion broadening of the laser pulse, i.e.,
about 1 cm for 100—200 fs pulses. The laser beam should be
focused to 30—40 um.

PHYSICAL REVIEW B 76, 085346 (2007)

The recommendations are applicable to intensities lower
than 100 MW/cm? for which two-photon absorption of the
optical pump is negligible.
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