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Abstract—The temporal and spectral characteristics of the terahertz response are measured for crystals of
doped lithium niobate with an as-grown domain structure. It is shown that the crystals can be used for nar-
row-band generation and detection of terahertz waves in the processes of nonlinear-optical conversion of the
laser radiation frequency. Frequency tuning in the range from 0.5 to 2.5 THz can be performed, due to both
variations in the domain structure period and changes in the nonlinear-optical interaction geometry.
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INTRODUCTION

The terahertz range of the electromagnetic wave
spectrum (0.3—10 THz) is still poorly developed; how-
ever, it has attracted increasing attention owing to the
fact that it can be applied in such fields as information
and communication technologies, medicine, biology,
ultraspeed computations, safety and control systems,
etc. [1-3]. The most promising among different
methods of generation and detection of THz radiation
are those based on nonlinear-optical processes of fre-
quency conversion. Their advantages are as follows:
room-temperature operation, relatively small dimen-
sions, the possibility of measuring not only the ampli-
tudes of the field but also its phases during detection,
etc. In this case, the efficiency of generation and
detection depend on the properties of the exciting
radiation and the features of the nonlinear medium
itself. Such parameters as nonlinear susceptibility,
absorption at THz frequencies, and dispersion of the
refraction index in the optical and THz ranges that are
required for the conditions of phase synchronism to be
met are important for the medium selection.

To this effect, such nonlinear media as ZnTe,
GaAs, GaSe, GaP, DAST, and LiNiO; are generally
used [4]. Owing to their high nonlinear susceptibility,
LiNbO; crystals demonstrated the best efficiency of
generation of broadband THz radiation, which was
observed during irradiation with femtosecond laser
pulses with a tilted front [5]. When using LiNbO; with
a periodic domain structure (PPLN), the conditions
of phase synchronism are met for a narrow frequency
spectrum that can yield the generation of narrow-band

12

THz radiation. Frequency tuning is possible both by
varying the domain structure period and tilting the
domains with respect to the exciting radiation [6].

The present paper analyzes the characteristics of
the terahertz response of doped PPLN crystals with a
domain structure formed directly in the process of
crystal growth [7]. Specimens with such PPLNs are
characterized by a wide entrance aperture and can be
used in unfocused laser beams. This decreases the dif-
fraction divergence of terahertz radiation and makes it
possible to use high-power optical pump pulses with-
out damaging the crystals. The use of crystals with an
as-grown domain structure is challenging for the quasi-
phase-matched detection of terahertz waves [8]. Crys-
tals with different periods and orientations of their
domain structure were analyzed using the method of
pump-probe technique with femtosecond pulses [9, 10].

1. GENERATION OF TERAHERTZ RADIATION
IN THE PROCESS OF OPTICAL
RECTIFICATION OF FEMTOSECOND PULSES

Let a nonlinear medium be irradiated with short
laser pulses, let E,(r, f) be the pump pulse fields, and
let E,(r, ®) be the Fourier image of this time depen-
dence:

E/(r 1) = I E,(r,0)e " do,

—00

(1)
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E(r, 0) = 2in [E/r. 0" do. )

The pumping of a nonlinear medium with short
laser pulses can be represented as pumping by conti-
nuum of the wave pairs with different frequencies o,
and w, within the pump pulse spectrum. Between the
waves of each pair, a difference frequency is generated;
this difference frequency lies within the pump spec-
trum width, i.e., within 10 THz at the laser pulse dura-
tion of the order of 100 fs.

The nonlinear polarization that occurs at the dif-
ference frequency Q can be calculated as follows:

P(nl)(Q, r)= X(2)(1’) J'Ep(r, ©)E;(r, o - Q)do
v 3)

(2)(1.) j|E (r, )’ dt,

where y? is the convolut10n of the quadratic suscepti-
bility tensor of a nonlinear medium with unit vectors
of pump field polarization and P™. In the case of a
one-dimensional problem where the quadratic sus-
ceptibility x® varies in one direction x coinciding with
the direction of pumping propagation, polarization (3)
serves as the source of a terahertz frequency field,
whose amplitude varies along x according to the wave
equation:

o’ E(co x)+ (Q) E(Q X) = _4nQ
ox’ ¢’

P(Q,x).(4)

Neglecting the effects of diffraction, let us consider
all spectral components of the pump field E,(x, ) in
the form of plane waves propagating along one direc-
tion within the volume of nonlinear interaction in a
crystal limited by the cross section S. The solution to
Eq. (4) can be written as a sum of two terahertz waves:

E(Q, x)exp(—iQt) = Ay(o, x)exp (ik,x — i)

+ A,(Q, x)exp(— ikx — i),
propagating with oppositely directed projections k, of
the wave vector k to the x-axis. The amplitudes of the

“forward” and “backward” waves A,and A, are calcu-
lated as follows:

(&)

~2 .
4,(Q,x) = 2L [ P@x)e™ax, @
ke
-L)2
L/2 . '
A,(Q, x) = 27”9 I P, e ar. (7)

X

In the approximation of weak amplification, the
exact expressions for the amplitudes A-and A4, can be
obtained by integrating nonlinear polarization (3):
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Ap (€2, x) = T}, 5(Q2, x)C(Q). ®)

Here, the factor C(QQ) is determined by the pump pulse
envelope B,(7):

c(Q) = JAp(m)Aj(m—Q)dco
- ©)
_ 1 2 i
= 5= [IB, (0 ¢ ar

— iyt +ik(wy)x

taking the fact that E,(x, 1) = B,(f)e into
account. The nonlinear transmission functions 7%,
carry information about the spatially-inhomogeneous
distribution of the second-order susceptibility within
the interaction volume [11]

(24

TH(Q,x) = j dx'yPxe (10)
~L/2
L/2 9+/<X X

T,(Q, x) = Idx’x( '(x)e (11)

X

Here, u,, = Do
opt
In media with an arbitrary character of spatial varia-
tions of the second-order susceptibility along one
direction, the dependence ®(x) within the medium
length L can be represented as the Fourier series:

is the group velocity of optical waves.

(12)

where v, is the amplitude of the spatial Fourier har-
monic:

L/2 i 2
tn =7 [170e Fax, (13)
-L)2

and 7y, = 1*,. When such a representation of @ is

taken into account, the nonlinear transfer functions
T} , take the form:

@ ' i(Af+2nm))%
TAQx) = > % Idxe , (4
m=-w  _[/)
o L2 i(Ab+2nm))§
T(Q.x) = 3 o [dve NGE)

Here, A, , are the dimensionless phase mismatches for
the processes of forward and backward generation:
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AfE (klx_ka_kx) = (—Q _kx)La

Ugp

(16)

A=k kot k) = (- 2k )L (7)

gr
Thus, optical rectification of short pulses yields the

formation of a terahertz polarization pulse at each

crystal point with the following spectral components

. 7 2
EQ. x)eflm _ 270 SC(Q)
k(Q)c (18)
X i(Af+ 2nm))%
A [ dx'e exp (ik(Q)x ~ Q1)
-L/2
8 Z L2 i(Ab+27‘cm))iv
el Idx'e Lexp(_,‘k(Q)x—iQt)

X

2. NONLINEAR-OPTICAL DETECTION
OF TERAHERTZ RADIATION
IN THE CRYSTAL

Nonlinear-optical detection of terahertz radiation
is based on the interaction of terahertz waves with all
spectral components of a probe beam, which yields
generation of signals at sum and difference frequencies
[8]. This results in changes in the spectral distribution
and in the power of the probe beam. Moreover, the
energy variation can serve as a measure of the terahertz
field in a nonlinear medium. Let us consider the
amplitude of a single spectral component of the probe
beam before its entrance to the nonlinear medium
A,(®) and after the passage through the medium
Ay o0, Tge) = Ap(®) + A4, (®, T4). The additive
AApr(('os Tdel) = AApr—((l)’ Tdel) + AApr+(0‘)s Tdel)a where

M, (0) = J.AApr_ (©, Tg Q)dQ is the result of

the processes of different frequency generation that
take place between all terahertz components at fre-
quencies QQ and the optical components at the fre-
quencies ® + Q:

Q3
k(€2)
AP(Tdel) ~ Re

X {Y}(Q, x")e
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de—-—|C(Q)|2e“'Q“°' j ax'yP(x')

i(k ——)x'
X ug{

L2
My (0, T )~ [ X7 () A(Q + )

QL. ’ (19)
'7,"“%(Af*(ﬂ,x')exp(—ikxx')] .
xe * ' dx'.
+ A; (€, x")exp (ik,x")
Analogously, A4, () = J.Apr (@, Tge, 2)dQ s the

result of the processes of sum-frequency generation
between the frequencies Q2 and w — Q. Here, the phase
shifts of terahertz components related to the delay T,
of the probe pulse with respect to the terahertz pulse
are taken into account. Taking the equations for the
terahertz wave amplitudes into account
5y
AApr(('O: Tdel) = (275—(;)[1) !
c

k(o)
e ) (20)
x j dx'y P (x") deQ (A (Q + 0)u*(Q, x")
+ Apr(m - Q)U(Q, X')),
where
7i9—x'7iQrdcl
u(Q,x')=ie 10(9)(7}(9, x")exp(ikx")
k 1)

+ T,(Q, x")exp(—ik,x")).

In electro-optical detection, the standard approach
is to measure the phase modulation of a probe wave
induced due to the appearance of the imaginary part of
the additive A4, (w) [12]. The measurements are per-
formed using the methods of optical ellipsometry.
Nevertheless, the additive to the modulus of the probe
amplitude induced due to the interaction with the tera-
hertz field also has a nonzero real part. The variations in
the probe pulse energy induced due to this additive can be
directly determined as the difference AP(ty4,) = P(T4e) —
P, between the output energy of the probe pulse mea-
sured in the presence of terahertz radiation in the crystal

o —i® 2
P(ta) ~ [di] [ doe™ T4,() + Ady(o, 740)]|" and
that measured in the absence of terahertz waves P, =
Idtlpr ).

Taking the relative smallness of the additive
AA,(®) into account, we can write:

L/2 .

(22)

Q

—il k"+u_ x'
+ Ty(Q, x")e “ }
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The equation for the spectrum APn(€2) of the induced transmission of the probe wave AP(ty,) =

IAPQ(Q)e"'Q““ will have the form:

T(-Apexp([-iA/21(=1)" ~ %)

_ 2~372| 1
APy =lC@I QL[| S 1,

Ap— 2nm
, (23)

| T(A) exp([=iA,/2]1(=1)" — %)

where the functions 7(A) describe the spatially inho-
mogeneous distribution of the quadratic susceptibility
within the entire crystal:

T(A)EZme(A+2nm), 24)

the form-factor f(8) for any complex d is determined

_ 1lpn jixs/L
as f(0) = 7 ¢
medium it is reduced to f(8) = sinc(d/2). In the
absence of absorption, the equation for AP, has a sim-
pler form:

dx, while in the non-absorbing

| T(A)|” +|T(A)

kTHz

AP, ~|C(Q)*Q°L (25)

Moreover, 7(A) = ZZ Y Xmsinc(% + Tcm) .

3. EXPERIMENTAL RESULTS

Figure 1 shows the schematic of the experimental
setup used to study the terahertz response of PPLN
crystals. A titanium—sapphire laser with a repetition
rate about 80 MHz, a pulse duration rate about 100 fs,
and an average power of 2.5 W at the wavelength of
800 nm was used as a laser source. The laser pulse was
split by a beam-splitting plate (BS) into a pump pulse
and a probe radiation pulse at the energy ratio of 95:5.
A mechanical interrupter (MC) with an interruption
frequency of 650 Hz modulated the pump beam. The
delay between the probe pulse and the pump pulse in
the crystal was smoothly varied with the use of a time-
delay line with a total run of 20 cm. Focusing lenses L1
(the focal distance of 20 cm) and L2 (the focal distance
of 30 cm) were used for laser radiation focusing to the
studied crystal region. An optical diode (D) was posi-
tioned in the probe radiation beam. The signal from the
diode proportional to the power of the passed radiation
was fed to a lock-in amplifier and measured using the
MC frequency. Thus, a signal component proportional
to the induced variation in the probe beam transmission
AP(t4y) = P(t4e) — Py was distinguished.

The study was performed using the specimens of
doped lithium niobate crystals with periodic domain
structure, which was formed in the process of crystal
growing using the Chorkhalsky method in an asym-
metric thermal field. The domains in the specimens
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were oriented perpendicular to the crystallographic x-
axis. Figure 2 shows the obtained time and frequency
spectra of one of the Mg:Y:PPLN crystals (specimen 1).
According to the data of selective chemical etching of
individual crystal sections the specimen was cut from,
the period of the domain structure varied from 70 to
80 um. The performed measurements of the terahertz
response show that the maximal efficiencies of the for-
ward and backward generation were reached at fre-
quencies 1.32 and 0.54 THz. The period of domain
structure corresponding to this frequencies is about
74 um. Figure 2b gives the results of the theoretical
calculation performed using Eq. (23) taking this
period into account. The positions of the observed
maxima are close to the calculated values. Some devi-
ations in widths of the observed and calculated max-
ima may be related to the period distortion in the ana-
lyzed part of the specimen. To tune the frequency of
the spectral response corresponding to both the gener-
ation frequency and the detection frequency, it is nec-
essary either to use a specimen with another domain
structure period or to rotate the crystal with respect to
the pump polarization direction.

Figure 3 demonstrates the time and frequency
spectra obtained for another Mg:Y:PPLN crystal
(specimen 2). The measurements showed that the
maximal efficiency of the forward generation was
reached at a frequency of 1.5 THz; that of the back-
ward generation was reached at 0.6 THz. This means
that the average operating period for the entire speci-
men was 70 um. However, the third maximum, at the

Delay line

Femtosecond
laser

Fig. 1. Schematic of the experimental setup for studying
the terahertz response of crystals.

No. 1 2011



16 KOVALEV et al.

1.2
1.0k (a) Lo (b)
= - 0.8
20.5¢ £
el
S s 0.6F
z E
.go 0 €0.4 =
w2
20}
—0.5¢ 1 1 1 1 ] 1 | 1 r s ]
0 5 10 15 20 0 05 1.0 1.5 20 25 3.0 35 4.0

Delay time, ns Frequency, THz

Fig. 2. The signal from an optical detector as a function of the delay time (a); amplitude signal spectrum (dots), theoretical
approximation (curve) for Mg:Y:PPLN crystal (specimen 1) (b).
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Fig. 3. The signal from an optical detector as a function of the delay time (a); amplitude signal spectrum (dots), theoretical

approximation (curve) for Mg:Y:PPLN crystal (specimen 2) (b).

frequency of 1.17 THz, points to the presence of a
domain structure section with a large period of about
80 um. Figure 4a shows the orientation of specimens 1
and 2 in the experiments. The pump radiation and the
probe beam radiation were polarized along the z axis of
the crystal and propagated along the x axis, i.e., per-
pendicular to the domain walls. The generated tera-
hertz waves were also polarized along the z axis and,
thus, the maximal component of the tensor of crystal
quadratic susceptibility y_.,, which changed its sign
during the transition from one domain to another, was
used in the experiment. This type of nonlinear-optical
interaction (eee) was preserved during detection of ter-
ahertz waves as well.

The terahertz response frequency can be tuned not
only by varying the period of the domain structure, but
also by changing the geometry of the experiment. Fig-
ures 5 and 6 show the obtained time and frequency
spectra for the Mg:Y:PPLN crystal (specimen 3) for
different geometries. Based on the data of the selective
etching of individual crystal sections the specimen was
cut from, the period of the domain structure was about

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 66  No. 1

27 um. In the geometry shown in Fig. 4a, the crystal
could generate only backward terahertz radiation,
since the frequencies of the maxima of its 7-function
corresponding to forward generation are too high and
are beyond the spectral window of the crystal and the
window specified by the C-factor of femtosecond
pumping. The frequency of backward generation in
the maximum was 1.44 THz.

This crystal was also tested in another geometry, as
shown in Fig. 4b. In this case, the radiation of both
femtosecond pumps, i.e., the exciting pump and the
sounding one, propagated along the domain walls. In
terms of nonlinear diffraction, the geometry in Fig. 4a
can be called Bragg diffraction geometry, while that in
Fig. 4b can be called Laue diffraction geometry. The
type of nonlinear-optical interaction was, as before, eee.
The analysis of the time signal spectrum shows that the
most efficient generation took place at a frequency of
2.3 THz; the width of the spectral peak was substan-
tially larger than that in the previous cases and was
about 0.5 THz. The observed maximum of the 7-func-
tion was substantially weakened, not only due to the

2011
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absorption of terahertz waves in the crystal, but also
owing to the fact that it falls at the boundary of the
“spectral window” depending on the pump duration
(C-factor). The character of the signal spectrum
behavior shows that the maximum of the 7-function
of the specimen is at higher frequencies and the crystal
with such a period would be more effective if pump
pulses with smaller duration are used.

The performed measurements point to the high
information value of the developed method for detect-
ing terahertz responses of crystals. The frequencies
and the limits at which the analyzed crystals with as-
grown domain structures can be used for effective gen-
eration and detection of narrowband terahertz radia-
tion are demonstrated. The frequency of the terahertz
response can be tuned either by varying the period of
the specimen domain structure or by changing the
geometry of the nonlinear-optical interaction.

(b)
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Frequency, THz

Fig. 5. The signal from an optical detector as a function of the delay time (a); amplitude signal spectrum (dots), theoretical
approximation (curve) for Mg:Y:PPLN crystal (specimen 3, Bragg scheme) (b).
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CONCLUSIONS

The temporal and spectral characteristics of the
terahertz response in crystals with periodic domain
structure via pump-probe technique with femtosec-
ond laser pulses were measured. In addition to these
investigations, a general theoretical analysis of the
pump-sounding method that considered the arbitrary
character of the spatial distribution of the second-
order susceptibility of one-dimensional quasi-phase-
matched structures of both periodic and aperiodic
types was performed. It is shown that this method
makes it possible to determine nonlinear crystal trans-
fer functions that determine the generation spectrum
of the forward and backward terahertz radiation and to
estimate the spectral sensitivity when the structures
are used in the electro-optical detectors. In contrast
with other methods based on the direct measurement
of terahertz waves radiated to free space, this proposed
method has a number of substantial advantages. Its
application does not require adjustment of the optical
system when studying the response in different direc-
tions and it is easy to implement. The method can be
used even with a high degree of terahertz wave absorp-
tion by a crystal and this makes it possible to reveal all
the useful sections hidden in the depth of a specimen’s
bulk.

The experimental investigations of crystals of
doped lithium niobate with as-grown domain struc-
tures demonstrated the possibility of using these crys-
tals for the generation and detection of narrowband
terahertz radiation in the processes of nonlinear-opti-
cal frequency conversion in the range from 0.5 to
2.5 THz with bandwidths up to 0.1 THz. In this case,
the frequency can be tuned either by varying the
domain structure period or by changing the geometry
of the nonlinear-optical interaction.
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