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lw=c � /(nt -no) [Ref. 1]. If the domain
length of the poled nonlinear crystal is
comparable to the walk-off length, each
domain in the crystal contributes a half
cycle to the radiated THz field. Since the
length of the half-cycle pulse is propor-
tional to the corresponding domain
length, the resulting THz pulse directly
maps out the crystal domain structure.

Experimental data were recorded and
a numerical simulation was performed
for three types of PLN structures.2 First,
phase-locked double pulses have been
widely used in many coherent control
experiments ranging from chemical
reactions to carrier dynamics. As an
example, the zero-area double pulse
[Fig.1(a)]—consisting of two pulses
with a � phase shift—is generated. The
corresponding spectrum clearly shows
the signature of the interference fringes
of two coherent pulses. Second, chirped
pulses were used in control of atomic
wavepackets via adiabatic transfer. In
Fig.1(b), a chirped THz waveform is
demonstrated. The broadband spectrum
is also shown. Third, Fig.1(c) shows 
the waveform with alternating period.
Narrow and broad half-cycle pulses
appear alternately. The frequency of the
narrow-band spectrum corresponds 
to the 90-�m period. The second har-
monic signal appears because of the
asymmetric domain structure. It can be
used to excite two separate molecular
transitions simultaneously. These results
clearly show that shaped THz pulses can
be generated in PLN structures. Most of
the quantitative discrepancy between
experiment and simulation comes from
the temporal decay of the THz pulses in
the experiments because of THz absorp-
tion in lithium niobate. Cooling down
the samples below 100 K will suppress
THz absorption significantly.3
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TERAHERTZ
OPTICS
Terahertz Pulse Shaping in
Time Domain Via Optical
Rectification in Poled
Lithium Niobate Crystals
Yun-Shik Lee, Naaman Amer 
and Walter C. Hurlbut

A lthough many fundamental molecu-
lar resonances fall into the THz fre-

quency range, the gap between the
microwave and the far infrared regimes
in the electromagnetic radiation spec-
trum had remained unexplored until
fairly recently. The recent development
of new THz sources and detectors has
naturally led to the initiation of a num-
ber of unprecedented research projects
in the THz regime. The new technology
exploits femtosecond lasers to generate
broadband, single-cycle THz waves.
Many applications, however, will
require not only single-cycle THz pulse
generators, but also arbitrary THz
waveform generators, in analogy with
the user specified waveforms used in
optical pulse shaping, or the RF wave-
forms used in nuclear magnetic reso-
nance (NMR). The synthesized THz
waveforms may be applicable to spec-
troscopy of quantum molecular dynam-
ics, coherent control of phonon modes
in solids and ultrafast carrier dynamics
in semiconductor nanostructures,
among other applications.

Shaped THz pulses are generated 
via optical rectification in the pre-
engineered domain structure of poled
lithium niobate (PLN). The second
order nonlinear susceptibility of the
crystal reverses sign between neighbor-
ing domains. When a femtosecond opti-
cal pulse propagates through a PLN
crystal with the domain structure, a THz
nonlinear polarization is generated via
optical rectification. Because of the
group velocity mismatch between opti-
cal and THz waves (the optical and THz
indices of refraction are no = 2.3 and
n t = 5.2 respectively), the optical pulse
will lead the THz pulse by the optical
pulse duration � after a walk-off length

Figure 1. THz waveforms and corresponding
spectra from poled lithium niobate struc-
tures. Diagrams of the three domain struc-
tures are included: yellow (up) and red
(down) indicate the alternating direction of
the crystal optic axis. Experimental data and
numerical solution of (a) zero area double
pulse from a domain structure in which a 
single domain (100 �m) is placed between
two sets of multiple domains (50 �m), (b)
chirped pulse from a domain structure which
includes multiple domains ranging from 
20 to 90 �m with 1 �m gradual increment
and (c) pulse with alternating period from 
a structure of alternating domain length 
(30 and 60 �m). 
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(c) Pulse with alternating period
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Component Spatial Pattern
Analysis of Chemicals 
By Use of Terahertz
Spectroscopic Imaging
Yuuki Watanabe, Kodo Kawase, 
Tomofumi Ikari, Hiromasa Ito, 
Youichi Ishikawa and Hiroaki Minamide

THz imaging techniques have been
used in various practical applica-

tions, most of which entail identification
of the existence of a target from its
shape.1 When a sample includes various
components, a transillumination THz
image shows the sum of the absorption
in each component; for this reason, dif-
ferences between components cannot be
discriminated from a single THz image.
To estimate the differences in the spatial
patterns of each component, we applied
principal component analysis2 to THz
spectroscopic imaging. For the first time
to our knowledge, we separated the
component spatial patterns of chemical
samples in multispectral THz images by
use of spectral fingerprints.5 Although
there have been several reports of
multispectral THz imaging,3 none has
involved the use of the spectral finger-
prints of the target.

In the experiment, the absorption
spectra and the multispectral images of
chemical samples were measured at sev-
eral frequencies between 1 and 2 THz
using a widely tunable THz wave para-
metric oscillator (TPO).4 The THz wave
passing through the sample was mea-
sured with a pyroelectric detector. The
scanning area was 50 � 35 mm, which
corresponds to 100 � 70 pixels. The
imaging targets were pellets made from
polyethylene powder mixed with 
palatinose or aspirin, which were pre-
pared, respectively, in three (50 percent,
40 percent and 20 percent) and two 
(50 percent and 20 percent) concentra-
tions. First, we measured the spectral 
fingerprints of aspirin and palatinose
using the TPO. Next, we measured six
THz transillumination images by tuning
the frequency from 1.3 to 1.8 THz in 
0.1-THz steps. By use of the results of
these measurements, the component 
spatial patterns could be clearly sepa-
rated and the difference in concentra-
tion was detected in each image as

shown in Fig. 1. The measured concen-
trations of palatinose were 44 percent,
39 percent and 22 percent, while those
of aspirin were 46 percent and 17 per-
cent. In each case, the values agreed
within 6 percent with the known con-
centrations.

The potential applications of this
nondestructive measurement technol-
ogy include: detection of illicit drugs in
letters and packages, security frisking,
quality inspection of pharmaceuticals
and pathologic diagnosis. The range of
potential applications is likely to expand
with increased availability of fingerprint
spectra peculiar to specific chemicals—
including vitamins, sugars, pharmaceu-
ticals and agricultural chemicals—
discovered in the THz-wave region 
over the course of the past year.

Figure 1. Measured component spatial patterns of (a) palatinose and (b) aspirin using spectral
fingerprints and multispectral image. The component patterns are clearly separated and the
difference in concentration is described in each image.
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