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Generation of coherent terahertz radiation with multifrequency modes
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We investigate theoretically the generation of coherent narrow-band ter@heltz radiation with
multifrequency modes in an optical superlattice produced by quasiperiodically poled ferroelectric
crystal. The superlattice consists of two building blocks A and B, in which each containing a pair of
antiparallel 180° ferroelectric domains, arranged as a Fibonacci sequence. Second-order nonlinear
optical rectification of femtosecond pulses gives rise to a THz wave form whose multifrequency
modes are determined by the quasiperiodic structure properties. The relationship between
multifrequency modes terahertz generation and Fibonacci structure parameters is also analyzed and
studied. © 2003 American Institute of Physic§DOI: 10.1063/1.1598644

Since the discovery of the icosahedral phase in AlI-Mnportant and essential. It is interesting and significant to in-
alloys in 1984 the field of quasiperiodic structurésr qua-  vestigate the THz generation with frequency tunability and
sicrystal$ has caught a lot of attention. Besides the studiesnultifrequency modes. In the present work, we report our
focused on their structural and physical propertigspuch  studies on optical characterization of narrow-band terahertz
effort has been devoted to the applications of quasiperiodigvith multifrequency modes using an optical Fibonacci super-
structures. For example, a strong suppression of the opticédttice, and demonstrate numerically the possibility of multi-
transmission in quasiperiodic dielectric multilayer stacks offrequency modes THz radiation in wide frequency range.
SiO, and TiO, thin films has been observédviagnetic po- Narrow-band THz wave generation can be calculated by
laritons in Fibonacci magnetic quasicrystals and coherengonsidering the second order optical rectification induced by
acoustic phonons in Fibonacci optical superlattice have beeigmotsecond pulses. Assuming the second order susceptibil-
investigated,® respectively. Study of wave packet dynamicsity to be modulated periodically or quasiperiodically, we
in quasione-dimensional metal—halogen complex has beefrite wave equation of frequency domain in the form
reported and quasiperiodic envelope solitons has been

. . . . . PPEru(z,0) w?

introduced® For quasiphase-matching grating, a nonlinear —————+&(w) = Em(z,0)=—0?uP®(z,0),
guasiperiodic optical superlattice, multicolor second har- z ¢

monic generation with conversion efficiencies of @
~5%—20% has been measured@ihe quasiperiodic optical where the source term, P®(z,0)
superlattice in LiTa@ can also be used for efficient direct = (1/27) god(z)fszopt(z,t)E;pt(z,t)exp(—iwt)dt, repre-
third harmonic generatiotf. sents optical rectification induced by the Fourier transforma-

On the other hand, coherent terahdfiz) radiation is  tion of the optical pulse intensity(w) is the dielectric func-
of great interest for a wide variety of applications in funda-tion and the spatial modulation of the susceptibility is
mental and applied sciences such as spectroscopy, sensirgscribed by the grating functiai{z). The envelope of fem-
communication, medical diagnoses, as well as biomedicabsecond pulse moves at the group velocity without any dis-
imaging and tomography. Many molecular excitations intortion when the dispersion of the optical pulse in the me-
condensed matter systems fall into the THz frequency rangdium is neglected. For a typical Gaussian input pulse, the
which results in the great demand for narrow-band THzanalytical local solution of THz field can be integrated di-
sources. A number of approaches have been therefore takesctly, and, at the output of the crystal, the contribution of the
to generate narrow-band THz radiation. These include differTHz field from positionz can be written in form
ence generatiol, photomixing!? optical parametric

oscillation?® and plasma oscillatiot{: 1 (L-2)

Eth(Z, @) ocaL=Ao eXF{ 7 Pw?— YT

Recently, one promising technique to generate narrow- c
band THz radiations has been demonstrated, using second- ;7 Lz
order optical rectification of femtosecond pulse in periodi- Xex;{—i —+ w|+rAg
cally poled LiNbQ, (PPLN).* In the absence of absorption Vo Ut

the THz field is given simply as R/, whereN is the number - Zrzwz— YT (0]
of domains in PPLN. However, it is well known that such

THz generation in PPLN consists of only single frequency y % z L+z
exg —i

and domain-width fluctuation, the relative bandwidiif» of ;{ 1 (L+2)
Xex
c

, @

mode radiation, which really limits the applications of THz o~ w

Uo vT
sources. In most of applications frequency tunability is im-

where Aq=1/(n%,—n3) I (ry7/27) d(z) and vo=c/ng,
dElectronic mail: phyqy@nus.edu.sg vr=cl/ny andEry(z, o) consists of two terms correspond-
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TABLE I. The Fibonacci indices and THz frequencies in range of principal value.

m, n 0,1 1,0 0,2 1,1 03 20 1,2 0,4 21 1,3 3,0 05
fon(THz) 064 1.03 127 167 191 206 230 255 270 294 309 318

ing to THz radiation propagating in forward and backwardwherem andn are integer indices of the quasiperiodicities
direction, respectively; is the reflection of THz wave at the and D=7l +15 is the average lattice parameter. THz fre-
crystal-air interface. Equatiori2) may be Fourier trans- quencies in quasiperiodical structures are seen to confine to
formed to get the THz field in time domain, and then spa-its principal value whem+n7r<2+27. There are 12 pos-
tially averaged to give the total output field. sible Fibonacci indices inside the principal value presented
The quasiperiodic grating used for simulations is thein Table I. The main or so-called central frequency of prin-
same as the one introduced and studied previdukljras cipal values corresponds to the quasiperiodic indext).
two building blocks A and B of length, andlg, respec- Figure Xa) shows the result of a calculation in time do-
tively, which are ordered in a Fibonacci sequence accordingnain for 150 fs pulses, generated from a 250 kHz Ti:sapphire
to the production ruleS;=S;_4|S;_, for j=2, with S;  regenerative amplifier, incident on a PPLN crystal with
={A} and S,={AB}. Each block has a domain of length =1.2 mm andA =60 xm, where loss is neglected and the
a1 (Iz1) with positive ferroelectric domairiblack and a  widths of positive and negative domain are set to be equal.
domain of lengthl » (Ig,) with negative ferroelectric do- The refractive indices of optical pulse and THz radiation are
main. In this letter|l»; is set to be equal tbg;. For our assumed asry=5.2 andng=2.2, respectively® The corre-
simulations presented later we have chosen the ratdd  sponding single frequency mode of the power spectrum plot-
length scale$, andlg as7=(1+ 5)/2, the so-called golden ted in Fig. Xb) is 1.67 THz, which is in good agreement with
ratio. Furthermore, the structural paramektecan also be Eg.(3). Here the smaller frequency mode induced by “back-
adjusted in our simulations. The grating functidfz) varies ward” wave are omitted and the higher frequency modes
between+d and —d according to the Fibonacci sequence. (m=2) is also marked in Fig. 1. The multifrequency modes
As the femtosecond optical pulses propagate through theharacteristics of THz radiation in Fibonacci grating are in-
domain-reversal crystal, a THz nonlinear polarization is gendicated in Figs. @) and 2b). The oscillatory properties of
erated by optical rectification. Each domain in the crystalTHz wave form in time domain are different from THz ra-
contributes a half cycle to the radiated THz field. The fre-diation in PPLN. It is obvious that some beat features and

qguency of THz wave is determined essentially by quasiperiodicities of THz wave form are observed. The fre-
quencies of THz modes are labeled by the quasiperiodicity
mc indices (n, n) as in Eq.(4). Here we set the average param-
VTZM' 4 eter of quasiperiodical Fibonacci grating as fifh (A,

=60 um), which is same as the period of PPLN, so that
wherec is the light velocity, for a periodic structurd, is the  the main peaks of THz frequencies in the power spectrum are
period of domain-reversal crystah is integer index anadn  same for cases of Figs(ld) and 2b). The ratio of length
=1 represents principle value of THz frequencies which corscalesl 5 to Iz is 7 and we have chosel=70.4xm and
responds to the most intense mode in spectral domain. Thig=43.2um, respectively. The width of positive domain in
formula can be extended from periodic structure to quasipboth blocks A and B is 2um, which can be adjustable from
eriodic structure. In analogy to periodic structure, it is ex-0 to 43.2 um. In comparison with situation of periodical
pected that their THz radiation will reflect the quasiperiodic-structure, it is obvious that the fine structures of THz spectra
ity of the Fibonacci sequence. The multifrequency modegower appear in quasiperiodical Fibonacci grating. Besides

THz radiations are given by quasiperiodicities the most intense peak taken with a quasiperiodical index
(1,1), some other THz frequency modes, labeled (hy0),
c D (2,1) and so on, are easily observed in power spectrum, cor-
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Time Delay (ps) Frequency (THz) FIG. 2. Simulated THz wave forms in time domd@ and corresponding

power spectrdb). The quasiperiodic Fibonacci domain structure parameters
FIG. 1. Simulated THz wave forms in time domé&i® and corresponding are assumed aby=70.4um andlg=43.2um (A;;=60um), respec-
power spectrab). PPLN domain structure parameters are assumeld as tively. The width of positive domain in block A and B is 2b6m, The

=1.2 mm andA =60 um. structure consists of 12 building blocks A and 8 building blocks B.
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FIG. 3. Dependence of the power spectra of THz radiat@rand Fourier Structural parameter (um)
transform coefficients of Fibonacci structut® on the structure parameter . . )
with the fixed widths of blocks A and Bl {=70.4xm andlg=43.2xm). FIG. 4. Multimodes THz generation as a function of the structure parameter

| with the fixed widths of blocks A and B, here some moderate modes with
quasiperiodic indiceg0, 1), (0, 2, (2, 0, (1, 2, (0, 3, and (0, 4 are
considered. The corresponding parameters are same as those in Fig. 3. Dif-
ferent curves correspond to different quasiperiodic indices.

responding to the THz frequencies 1.03, 2.70 THz, and so

on, respectively. Inset of Fig.(8) plots the calculated Fou- fa@meters located in the region of 20—afn. Further calcu-
rier amplitude spectrum of quasiperiodical Fibonacci struclations indicate that the spectral power with zero m@@le))

ture. The peak intensities of THz radiation are in accordanc&an be restrained for structure parameters between 20 and 30

with amplitude spectrum of grating function. It is also known #M- ) . )
that the amplitude spectrum of quasiperiodical structure N conclusion, we have analyzed and investigated THz
strongly depends on the width of positive domain in block Ageneration with multirequency modes in an optical Fi-

and B. The dependences of the generated THz power spect’@nacci superlattice. The dependence of THz radiation on
[Fig. 3@] and Fourier transform spectrum of grating func- quasiperiodicities and reciprocal vectors of Fibonacci grating

tion [Fig. 3b)] on width of positive domain(adjustable have been obtained.. In compari;oq yvith THz generation in
structure parameteiof quasiperiodic Fibonacci grating are PPLN we have predicted that a significant source of coherent
illustrated, respectively. Several main intense and moderatgZ radiation with multifrequency modes will be achieved
quasiperiodic indices are calculated inside principle values.USiNg quasiperiodic optical superlattices. Such THz source
From these figures, it can be seen that the variation ofith multirequency modes can provide THz radiation in a

THz power with the structure parameter has the same terfVide range of frequencies whose spectral power can be ad-
dency as Fourier amplitude spectrum of grating function foduSted by structure parameters. The results presented here
main indices(1, 0), (1, 1), as well ag(2, 1). That means, the would be beneficial and flexible to the design of a practical
nonlinear processes of THz generations strongly relate to theHZ generator with multifrequency modes.
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