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Terahertz pulse shaping via optical rectification in poled lithium niobate
Y.-S. Lee,a) N. Amer, and W. C. Hurlbut
Department of Physics, Oregon State University, Corvallis, Oregon 97331

~Received 3 September 2002; accepted 13 November 2002!

We demonstrate a technique for terahertz pulse shaping via optical rectification in the
pre-engineered domain structure of poled lithium niobate crystals. The terahertz wave forms
coincide with the crystal domain structures. The one-dimensional nonlinear wave equation simulates
the experimental results with a good qualitative agreement. ©2003 American Institute of Physics.
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Terahertz~THz! regime is the most recently explore
frequency range in the spectrum of electromagnetic ra
tion. Femtosecond laser technology has been exploited in
development of THz sources and detectors.1–5 The detection
schemes resolve THz wave forms in time domain with fe
tosecond resolution, giving rise to THz time-domain sp
troscopy ~THz–TDS!. Many resonances of molecular dy
namics in the THz regime were accessible before only
indirect probing methods such as Raman spectroscopy;
spectroscopy finally makes it possible to directly probe
previously inaccessible resonances. THz–TDS has been
plied to gas-phase rotational dynamics,6,7 carrier dynamics,
and intermolecular dynamics in liquids,8,9 dielectric response
of molecules, and polymers.10,11In these applications, single
cycle THz waves were used. Since single-cycle THz wa
intrinsically possess a broad bandwidth, they are particul
useful for investigating the THz response of matter ove
wide range of spectrum simultaneously. In many appli
tions, however, arbitrary THz wave form generators w
greatly extend the scope of the THz spectroscopy, in ana
with the user specified wave forms used in optical pu
shaping, or the rf wave forms used in nuclear magnetic re
nance. For example, THz–TDS with shaped THz pulses
be applied to the investigation of quantum coherence
nonlinear response of the molecular resonances by man
lating and monitoring temporal evolution of the quantu
transitions. Precise control and manipulation of quantum s
tems is essential to quantum information processes; the
pulse shaping technique will make it possible to coheren
and arbitrarily control quantum wave packets of the mole
lar resonances. Furthermore, shaped THz pulses are a
cable to coherent control of phonon modes in solids, ro
tional and vibrational mode spectroscopy on surfac
ultrafast carrier dynamics in semiconducting nanostructu
among other applications.

In this letter, we demonstrate a technique to shape T
pulses using the pre-engineered domain structure of p
lithium niobate~PLN! crystals. The THz pulse shaping tec
nique utilizes a second order nonlinear optical response~op-
tical rectification in nonlinear crystals! and works directly in
the time domain. A preliminary THz pulse shaping has be
demonstrated by generating simple narrow-band THz w
forms in periodically poled lithium niobate~PPLN!.12–14The
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concept of the technique can be extended to generate c
plicated THz wave forms in more complex domain stru
tures. The domain structure of a PPLN crystal has b
quantitatively mapped by analyzing THz wave forms fro
the crystal.15 The THz wave form analysis reproduces roo
mean-square domain width fluctuations with submicron re
lution. Thus, shaped THz pulses can be achieved from
PLN crystal of which the domain structure coincide with t
pulse shape.

Shaped THz pulses are generated via optical rectifica
in the pre-engineered domain structure of PLN. The gene
tion scheme is illustrated in Fig. 1. The vertical lines in F
1 indicate domain boundaries. The second order nonlin
susceptibility @x (2)# of the crystal reverses sign betwee
neighboring domains. When a femtosecond optical pu
propagates through a PLN crystal with the domain structu
a THz nonlinear polarization is generated via optical rect
cation as illustrated in Fig. 1. Due to the group veloc
mismatch between optical and THz waves~the optical and
THz indices of refraction areno52.3 andnt55.2, respec-
tively!, the optical pulse will lead the THz pulse by the o
tical pulse durationtp after a walk-off lengthl w5ctp /(nt

2no).12 If the domain length of the poled nonlinear cryst
is comparable to the walk-off length, each domain in t
crystal contributes a half cycle to the radiated THz fie
Since the length of the half-cycle pulse is proportional to
corresponding domain length, the resulting THz pulse
rectly maps out the crystal domain structure.

Experimental data have been taken and a numer
simulation was performed for three types of poled LiNbO3

structures. HCP Photonics Corp. fabricated the sam
based on our mask design. The poling resolution is about
mm. Figure 2 shows the diagram of the three domain str
tures. Black~up! and white~down! indicates the alternating

FIG. 1. Schematic diagram of the THz wave form synthesis in a po
nonlinear crystal. The THz wave form coincides with the crystal dom
structure.
© 2003 American Institute of Physics
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direction of the crystal optic axis. We performed the expe
ment using 800 nm, 100 fs pulses from a 76 MHz Ti:sa
phire oscillator~Coherent Inc., Mira 900F!. The femtosecond
pulses with 7 nJ pulse energy were focused to a spot o
mm diameter in the crystals. We employed electro-optic sa
pling technique to detect the THz fields.16 THz radiation was
collimated with a pair of off-axis parabolic mirrors and fo
cused into a 1 mm ZnTecrystal for electro-optic detection o
the THz field. The excitation beam was modulated at 1 k
for lock-in signal detection.

The simulation is a solution of the one-dimension
wave equation including the second order nonlin
polarization.12,13 The local THz field is proportional to the
second order time derivative of the second order nonlin
polarization induced by optical rectification. Assuming tha
Gaussian optical pump pulse propagates in thez direction,
the local THz field per unit length is

«L~z,t !5«0F2~z2v0t !2

v0
2t2 21GexpH 2

~z2v0t !2

v0
2t2 G

}
]2P~2!~z,t !

]t2 , ~1!

wheret is optical pulse duration andv0 is group velocity of
the optical pulse in the medium. For given time and positi
THz field amplitude is

ETHz~z,t !

5E
0

z

6«LFz82v0S t2
z2z8

v t
D Gdz8

5(
i 51

N

~21! i 21E
l i 21

l i
«LFz82v0S t2

z2z8

v t
D Gdz8, ~2!

whereL is crystal length,l i is the position ofi th interface,
andN is the number of domains.v t is group velocity of THz
wave in the medium. The sign of the local field is determin
by the optic axis orientation of the domain. We neglect
dispersion of the optical pulse and the THz wave in the m
dium.

Figure 3 shows the experimental data and numerical

FIG. 2. Diagram of the three types of PLN structures. The cross-secti
size of the crystals is 0.535 mm. ~a! The structure of double pulses wit
p-phase shift includes a single domain~100mm! placed between two sets o
20 domains~50 mm!. ~b! The domain structure for the chirped pulse i
cludes 71 domains ranging from 20 to 90mm with 1 mm gradual increment.
~c! The structure consists of alternating domains of 30 and 60mm.
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lution of the shaped THz pulses from the PLN crystals. T
zero-area double pulse@Figs. 3~1-a, 2-a!# consisting of two
pulses with ap-phase shift is generated from a domain stru
ture in which a single domain~100 mm! is placed between
two sets of multiple domains~50 mm! @Fig. 2~a!#. The cor-
responding spectra of the zero-area double pulses@Figs.
3~1-d, 2-d!# clearly show the signature of the interferen
fringes of two coherent pulses. In Figs. 3~1-b, 2-b!, a chirped
THz wave form is demonstrated. The domain structure
the chirped pulse includes multiple domains ranging from
to 90 mm @Fig. 2~b!#. The broadband spectra are shown
Figs. 3~1-e, 2-e!. Figures 3~1-c, 2-c! shows the wave forms
from a structure of alternating domain length~30 and 60mm!
@Fig. 2~c!#. Narrow and broad half-cycle pulses appear alt
nately. Figures 3~1-f, 2-f! show the narrow band spectra co
responding to the 90mm period. Second harmonic signa
appears because of the asymmetric domain structure.
experimental data and simulation results clearly show t
shaped THz pulses can be generated in PLN structures
the wave forms mimic the PLN domain structures.

In spite of the good qualitative agreement between
periment and simulation results, there is some quantita
discrepancy. This mainly comes from the oversimplified

al

FIG. 3. ~1! Experimental data and~2! numerical solution of~a!,~d! zero area
double,~b!,~e! chirped, and~c!,~f! alternating THz wave forms and corre
sponding spectra from poled LiNbO3 structures.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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sumptions in the simulation: the neglect of the dispersion
THz frequency in LiNbO3 crystal and the plane wave ap
proximation. The dielectric function of LiNbO3, actually, is
almost constant in wide range of THz frequency.17 The little
dispersion, however, becomes prominent for the propaga
distance longer than 1 mm. One prominent feature is that
experimental data decay in time. The main source of
absorption is the low frequency tail of the TO phonon mo
at 7.6 THz.17,18 In Fig. 3~1-a!, the second pulse is weake
than the first because of the absorption, thus the interfere
fringe in the spectrum is asymmetric@Fig. 3~1-d!#. The
longer propagation distance of the low frequency compon
than the high frequency component in Fig. 3~1-b! gives rise
to the suppression of the low frequency component in
spectrum@Fig. 3~1-e!#. The second harmonic component
less significant in the experiment@Fig. 3~1-f!# than in the
simulation @Fig. 3~2-f!# since the absorption coefficient
larger in high frequency range than in low frequency ran
The absorption can be substantially reduced if the cry
temperature is lowered cryogenically.13 Besides the TO pho
non mode at 7.6 THz, additional low-frequency resonan
~1.3, 2.4, 3.4, and 4.1 THz!17,18 have been observed and ca
contribute the distortion of the THz pulse shape in the
periments. The plane wave approximation~one-dimensional
wave equation! is another simplification to cause the discre
ancy between the experiment and simulation. The spot
~20 mm! of the optical pump is even smaller than the TH
wavelength~;300 mm!, thus the THz wave diffracts very
strongly and nonuniformly over the crystal with such a sm
spot.

We have demonstrated that THz pulse shaping can
achieved in PLN crystals and the THz wave forms cor
spond to the PLN domain structures. The experiment
simulation results agree well qualitatively. The oversimpl
cations of the assumption in the simulation are considere
the reasons for the quantitative discrepancy. The exact
mation of THz pulse shape is critical to the precise contro
the THz pulse shaping in PLN crystals because the P
domain structure for required THz pulse shape is to be f
ricated before the THz wave generation. In order to obtain
Downloaded 22 Jan 2010 to 128.193.163.2. Redistribution subject to AIP
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exact wave form of the desired THz pulse, the accurate m
surement of the linear dispersion of LiNbO3 in THz range
must precede any theoretical estimation. THz time-dom
ellipsometry technique can be applied to the measuremen
the index of refraction. Also, a more elaborate theory th
the one-dimensional wave equation is needed that inclu
the exact dispersion of LiNbO3 in THz range and expand
the dimension of the wave equation. The theory must
capable of inversely solving the nonlinear wave equati
Given the desired THz wave form, it must infer the corr
sponding domain structures.
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cussions. The work was supported by the Oregon State U
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