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Abstract

In the conventional terahertz (THz) electromagnetic emission and detection scheme using a semiconductor as a THz wave emitter and
a photoconductive antenna as a THz wave receiver, we generated THz electromagnetic waves having various temporal waveforms by
inserting simple plastic plates between off-axis parabolic mirrors. We simulated the observed waveforms using a simple model, where
the THz field is expressed by the summation of fields passing through each sub-section of the whole cross-section of the collimated
THz beam. The results show a new simple method to shape THz pulses with complicated temporal waveforms.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, there has been a growing interest in tempo-
rally arbitrary pulse generation or pulse shaping in the ter-
ahertz (THz) frequency or millimeter wavelength regions
[1–8]. Such THz or millimeter wave pulses can be applied
for the investigation of ultrafast dynamics and for the
coherent control of the dynamics in materials [9–12]. Arbi-
trary shaped electric fields can be applied to atoms or mol-
ecules to change their transition frequencies temporally
(this technique is the generalization of AC Stark switching
[13]), and thereby assist the control of the reaction or the
dynamics of molecules or atoms. Also, transient alignment
of the dipoles of atoms or molecules will become possible
by using arbitrarily shaped THz fields.
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Generally, temporally shaped THz pulses are generated
by exciting a THz emitter using shaped laser pulses [1–4,20]
or by modifying or spectrally filtering THz waves them-
selves [5–8]. In the first method, the excitation laser pulses
are often shaped using a liquid crystal spatial mask in a
four-lens configuration or using interference between two
time-delayed chirped laser pulses. In the second method,
gratings for millimeter waves, prism pairs, and apertures
have been used to generate shaped THz pulses. However,
by using these methods, mainly frequency-tunable, fre-
quency-chirped, or low-frequency-cut-off THz pulses have
been produced. So far, a few reports have been shown to
generate more complex THz waves [20]. We note here that
use of all the frequency components of the THz wave is
required for generation of temporally arbitrary THz waves.

In this paper, we describe a simple method for generating
temporally complicated THz pulses. In the method, THz
waves are directly modified using amplitude-and-phase
masks whose size is much larger than the typical wavelength
of THz waves. This method is useful especially when THz
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waves are generated without the use of laser pulses, and
complex THz waveforms can be obtained by directly shap-
ing THz waves. We generated various complex temporal
waveforms of THz waves by inserting a mask such as a plas-
tic plate, between a pair of off-axis parabolic mirrors, which
are often used to collimate THz waves generated from an
emitter.

In our setup, the THz source can be regarded roughly as
a point source, and we ignored the effect of diffraction after
collimating the source. We show experimentally that the
observed THz waveforms can be synthesized by the sum-
mation of THz fields that have passed through sub-sections
of the THz beam. Simulation based on a simple model well
reproduced the experimentally obtained THz waveforms.
We also show the possibility that an aperture can be used
to reduce the pulse width of the THz wave. Generation
of temporally complex THz waveforms based on our
model is simple. Therefore, the calculation of the properties
of masks is not complicated.

2. Experiment

The experimental setup is shown in Fig. 1(a). The output
(center wavelength of about 790 nm, pulse width of about
300 fs, repetition rate of 82.2 MHz) of a mode-locked
Ti:Al2O3 laser was divided by a beam splitter into pump
and gate pulses. The pump pulses were focused by a lens
to a spot size of about 100 lm (e�2 spot size) and excited
an InAs sample to generate THz electromagnetic waves.

The THz emitter was a 0.5-lm-thick wafer of undoped
InAs. The estimated average photogenerated carrier den-
sity was about 1 · 1017 cm�3 for 140 mW average excita-
Fig. 1. Experimental setup for THz pulse shaping.
tion power, assuming the absorption coefficient a at
790 nm to be 104 cm�1. The gate pulses were focused by
an objective lens to a diameter of about 6 lm and excited
a photoconductive (PC-) antenna fabricated on low-
temperature grown (LT-) GaAs. The carrier lifetime of
the LT-GaAs measured by pump–probe spectroscopy [14]
was about 0.5 ps. The average power of the gate pulse
was 2 mW.

The THz electromagnetic waves emitted from the sur-
face of the InAs were collected and guided to the PC-
antenna using a pair of off-axis parabolic mirrors, which
had a reflected effective focal length of 100 mm and a diam-
eter of 50 mm. The gate pulses generated photo-excited
carriers in the PC-antenna. Electric current that flows in
the PC-antenna should be proportional to the instanta-
neous THz field amplitude. An optical chopper was used
to modulate the intensity of the pump pulses at a frequency
of 1.3 kHz. The current in the PC-antenna was amplified
and fed to a lock-in amplifier. To obtain the temporal pro-
file of the THz electromagnetic waves, the output of the
lock-in amplifier was measured while the delay between
the pump and gate pulses was changed. In order to modify
the THz waveforms, we inserted a mask or an aperture
between the parabolic mirrors.

3. Experimental results and discussions

We first show examples of complex temporal THz wave-
forms obtained using simple masks. We next characterize
the THz wave properties to build a theoretical model for
understanding the synthesis of the observed waveforms.
We show the results of the measurement of aperture-size
dependence of the temporal profiles of the THz wave and
discuss the possibility of pulse-width narrowing of THz
waves. Then, we describe the principle of the waveform
synthesis in our experimental conditions and show results
of simulations of the observed waveforms based on the
idea.

3.1. Pulse shaping using simple masks

Solid curves in Figs. 2(a)–(d) show examples of THz
waveforms obtained by inserting simple masks between
the off-axis parabolic mirrors. Fig. 2(a) shows a triangular
wave with increasing amplitude, which was obtained by
inserting a 22-mm-wide, 100-mm-long, 0.40-mm-thick
plastic plate in the center of the cross-section of the THz
wave. The plate in this case was the stand for a table-top
calendar. The waveform shown in Fig. 2(b) consists of a
half-cycle and monocycle THz pulses, which were obtained
by inserting the same plastic plate 7 mm above the center
of the cross-section. As shown in Fig. 2(c), an oscillation
with decreasing amplitude was obtained by masking half
area of the cross-section of the THz beam with the same
plastic plate. A letter-N-shaped waveform (Fig. 2(d)), was
obtained by inserting a 22-mm-wide, 300-mm-long, 2.0-
mm-thick plastic ruler in the center of the cross-section of
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Fig. 2. Temporal profiles of THz waves obtained using simple masks. Solid curves in (a)–(c) were obtained using a plastic plate originally used as a
calendar stand. The solid curve in (d) was obtained using a plastic ruler. The dashed curve in each figure is the simulation result based on Eq. (2).
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the THz wave. These THz waveforms show that various
complex THz waveforms can be generated using simple
masks.

3.2. THz wave properties

We observed change in the THz waveform induced by
insertion of a metal aperture between the off-axis parabolic
mirrors. Fig. 3 shows the temporal profiles of the THz
wave obtained (a) without an aperture (corresponding to
aperture diameter of 50 mm), using an aperture diameter
of (b) 30, (c) 20, and (d) 10 mm. The observed temporal
profile of the THz wave changed largely as the aperture size
changed.

Since the divergence angle of the THz wave is propor-
tional to the THz wavelength, we expected that, if we used
only the center section of the THz beam, we would obtain a
shorter THz-pulse duration. Looking Fig. 3 again, we
notice that the THz pulse width became smaller for smaller
aperture size (The temporal component of the THz wave
from 4 to 6 ps region was deleted, and the overall pulse
width was shortened). The difference of the relative phase
of the frequency components of the THz spectrum between
inner and outer cross-sections divided by a 10-cm diameter
aperture reduced the THz pulse width.

The Fourier amplitudes of the temporal profiles of
Fig. 3(a) (without aperture) and Fig. 3(d) (10-mm aperture
diameter) are shown in Fig. 4 by dashed and solid curves,
respectively. In obtaining the THz spectra, we normalized
the temporal profiles of the THz waves and performed
Fourier transformation. We clearly see that, at the 10-mm
aperture diameter, the amplitude of low-frequency compo-
nents (<0.5 THz) actually decreased compared with the
THz spectrum without an aperture [15,21]. This result
shows that pulse-width narrowing is possible using an aper-
ture for eliminating the outer side of the cross-section of
the THz beam.

Since the size of the THz wave emission area on the
InAs wafer surface was about 100 lm, it was not a perfect
point source. We collimated such THz waves by an off-axis
mirror. Therefore, it was not a perfect collimation of the
THz wave in principle. We measured the aperture-position
dependence of the peak-to-peak amplitude of the THz
wave at several points between the off-axis parabolic mir-
rors. The observed peak-to-peak amplitude of the THz
wave obtained using aperture diameters of 10 and 20 mm
did not depend on the aperture position largely. This shows
that the collimation of the THz beam in the present setup
was sufficiently good, and our THz beam can be regarded
roughly as being emitted from a point source. The distance
between the mask and the receiver (PC-antenna) was about
190 mm in the measurements described below.

The effective focal length L of the off-axis parabolic mir-
ror was about 100 mm, and the typical size a of masks was
large compared with the typical THz wavelength k. The
estimated spot size D of the THz waves at the receiver’s



Fig. 3. Temporal profiles of the THz waves obtained (a) without an
aperture, and using (b) a 30-mm-diameter aperture, (c) a 20-mm-diameter
aperture, and (d) a 10-mm-diameter aperture. The zero-base lines of the
four figures were shifted to avoid confusion.

Fig. 4. Fourier amplitude of the THz waves shown in Fig. 3(a) (dashed
curve, without aperture) and Fig. 3(d) (solid curve, 10-mm aperture).
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position without a Si lens was D � L(k/a) � 1 mm [16].
Therefore, we expected that the effect of diffraction by
the masks on the temporal profiles of the THz waves would
not be large.
To verify this idea in the THz wavelength region, we
divided the cross-section of the THz wave into two subsec-
tions Swin and Swout, which were divided by a 25-mm
diameter circle centered at the center of the THz wave
cross-section (as shown in the left side of Fig. 5) and mea-
sured the temporal profiles of the THz waves that have
passed through one of the two subsections. The THz
waves obtained were compared with those obtained using
the whole cross-section of the beam. Aluminum foil was
used to mask the unused section of the THz beam.

Fig. 6(a) shows the THz waveform obtained using only
the outer section (solid curve, corresponding to the sub-
cross-section Swout in Fig. 5) and only the inner section
(dashed curve, corresponding to the sub-cross-section Swin

in Fig. 5). Fig. 6(b) shows the THz waveform obtained
without any masks (solid curve) and that obtained by sum-
mation of the two THz waveforms shown in Fig. 6(a)
(dashed curve). The agreement between the two THz waves
shown in Fig. 6(b) is quite good. This result shows that the
effect of the diffraction by the edges of masks can be
neglected in our experimental conditions and that the
THz waves detected by the receiver can be given by the
summation of the THz wave that has passed through each
sub-cross-section.
3.3. Simulation of THz waves

Based on the experimental results shown above, we con-
structed a simple model of the THz wave shaping. The THz
wave Emask(t), which is detected by a receiver after it is
modified by a mask, can be obtained by simply summing
up all the contributions of the sub-sections of the THz,
and is given by

EmaskðtÞ ¼
Z Z

Aðx; rÞ exp½�iuðx; rÞ�Einðx; rÞ

� exp½�i/ðx; rÞ� expð�ixtÞdr dx ð1Þ

Here, Ein(x, r) exp[�i/(x, r)] is the complex amplitude of
the incident THz waves at frequency x and position r

within the cross-section of the THz wave, A(x, r) exp
[�iu(x, r)] represents the properties of the mask at fre-
quency x and position r that changes the amplitude from
unity to A(x, r) (amplitude mask), the phase from zero to
u(x, r) (refractive-index or phase mask, which can cause
a time delay). Therefore, our method does not use only a
limited wavelength region. It should also be noted that this
method is concerned with the modification of the THz
waves observed at the receiver’s position, and that the con-
tribution of each sub-cross-section to the observed THz
waveform is not necessarily the same. We usually collimate
pulses to a certain small spot and probe or excite materials.
Therefore, for most material studies we do not necessarily
need a THz pulse with a large spatially uniform cross-
section.

Temporally arbitrary THz waves can be obtained using
suitable masks that satisfy Eq. (1) if we know all the spatial
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Fig. 5. Illustration of cross-sections of a THz wave. Swin and Swout are areas of inner and outer cross-sections. Smin and Smout are areas of the inner and
outer cross-sections covered by a mask. The diameter of Swout was limited by the diameter (50 mm) of the off-axis mirror.

(a) (b)

Fig. 6. (a) Temporal profiles of THz waves obtained using only one of the two sub-cross-sections. The solid curve is the THz waveform obtained using the
outer part of the cross-section of the THz wave, and the dashed cure is that obtained using the inner part of the cross-section. (b) The temporal profile of
the THz wave obtained without an aperture (solid curve), and that made by the summation of the two THz waves shown in (a) (dashed curve).
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properties of the THz waves at all frequencies. A similar
method has been proposed by Lee and Shu for the optical
region [17].

Next, we numerically simulate the complex THz waves
shown by the solid curves in Fig. 2, using the temporal pro-
files of the THz waves shown in Fig. 6(a) and the idea of
Eq. (1). We used following assumptions to simplify the
calculation:

1. The spectral profiles of the THz wave in any small sec-
tion within the inner (or outer) section are the same.
(We note here that this is actually an assumption to sim-
plify the calculation. The radial distribution of the THz
wave in the collimated beam depends on the THz fre-
quency, and is not uniformly distributed.)

2. The absorption coefficient and the refractive index of the
masks used are independent of the THz wave frequency.

The THz wave Emask(t) generated by using a mask is
therefore given by the following equation:
EmaskðtÞ ¼ ð1� Smin=SwinÞEinðtÞ þ ð1� Smout=SwoutÞEoutðtÞ
þ A½ðSmin=SwinÞEinðt � tdyÞ
þ ðSmout=SwoutÞEoutðt � tdyÞ� ð2Þ

Here, the cross-section of the THz wave before passing
through a mask is divided into two sub-sections of Swout

and Swin. Eout(t) and Ein(t) are THz waveforms that have
passed through only the outside and inside sections and
are shown by the solid and dashed curves in Fig. 6(a),
respectively. These waves Eout(t) and Ein(t) are those
not modified by a mask. Smin is the masked area of
the inner cross-section Swin covered by a mask, and
Smout is the masked area of the outer cross-section Swout

covered by a mask. Swout�Smout (Swin�Smin) is the outer
(inner) cross-section that was not covered by a mask.
Therefore, the cross-section of the THz wave after pass-
ing through a mask is divided into four sub-sections of
Smout, Smin, Swout�Smout, and Swin�Smin. The definitions
of parameters Swin, Swout, Smin, and Smout are also
shown schematically in Fig. 5. Parameter A is the ratio
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of the magnitude of the peak amplitudes of the THz
wave obtained with and without a mask and tdy is the
delay time of the peak of the THz wave caused by the
mask.

The delay time tdy and the ratio of the peak-to-peak
amplitudes of the THz waves A induced by the masks were
obtained by measuring the change of the peak amplitude
and the temporal position of the peak THz waves obtained
with and without the mask. The parameters tdy and A were
1 ps and 0.80 for the calendar plate and 4 ps and 0.57 for
the ruler. The simulated THz waves corresponding to the
solid curves in Figs. 2(a)–(d) are shown by dashed curves
in Figs. 2(a)–(d).

In spite of the simple assumptions made above, the
overall agreement between the experimental and the sim-
ulated curves in Figs. 2 is satisfactory. The disagreement
between them is attributed to the effects of the assump-
tions. The overall agreement between the experiment
and the simulation of the THz waves shows that our
method can be used to design more general waveforms
of THz waves.

We have shown that various temporal waveforms can be
synthesized based on the simple spatio-temporal properties
of the THz waves. Our simple model expressed by Eq. (2)
shows that we can design THz waveforms using numerical
simulation, if we know the temporal and cross-sectional
profiles of the THz waves and the time delay and decrease
of the amplitude of the THz wave caused by the mask.
Since Eq. (2) is simple, it is not a hard task to calculate it
inversely to obtain the properties of a mask required for
a given THz waveform.

Flexible and controllable design of temporal waveforms
of laser pulses is often needed for the coherent control of
the states of materials or the control of chemical reactions
[18,19]. When we apply THz waves to such applications, we
will also need complicated temporal waveforms. Our sim-
ple method will enable flexible and controllable design
and generation of complex temporal THz waveforms and
will be useful for such purposes.
4. Summary

We have shown that by using masks in a simple way, we
can easily design and synthesize various temporal THz
waveforms. Our method does not require sophisticated
optics, such as millimeter-wave gratings and small size
apertures. Plastic plates were used as amplitude-and-phase
masks for the demonstration. Our method will be useful for
controlling the state of materials when THz waves are used
as control pulses.
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