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We demonstrate a simple quasi-optical technique for spatiotemporal shaping of half-cycle terahertz-radiation
pulses. We show, both experimentally and theoretically, that properly polarized half-cycle pulses can be
modulated temporally by diffraction through a conductive aperture of finite thickness. We use the finite-
difference time-domain method to solve Maxwell’s equations for such a geometry and show that it can explain
all the experimentally observed features. In the case of a thick aperture, a planar waveguide model can also
be used to describe the propagation of the pulse through the aperture, with excellent agreement with the ex-
perimental results. © 1998 Optical Society of America [S0740-3224(98)03903-4]
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1. INTRODUCTION
Techniques for generation of ultrafast optical pulses have
advanced considerably during the past decade.1,2 The
shortest optical pulses generated to date are less than 5 fs
wide1 and are thus approaching the definition of subcycle
radiation. A particularly interesting form of subcycle op-
tical radiation is a half-cycle pulse. Ideally, one creates a
half-cycle pulse by limiting the duration of a perfect har-
monic wave to half of its optical period. The spectrum of
such a half-cycle pulse, however, includes a strong dc
component that does not propagate. We use the term
‘‘half-cycle’’ to refer to a pulse that has most of the propa-
gating energy in the initial half-cycle. A host of applica-
tions that require an ultrawideband (UWB) spectrum will
benefit from the half-cycle optical generation: These ap-
plications include time-domain spectroscopy, ultrafast im-
aging, and remote optical sensing. Although subcycle op-
tical generation is yet to be demonstrated, half-cycle pulse
generation in the millimeter domain [also known as tera-
hertz (THz) radiation] is well established.3–9 Starting
with the pioneering research on the Hertzian dipole,3 a
number of methods for the generation of THz radiation
have been developed. Most of these techniques use a
photoconductive antenna approach in which an ultrashort
optical pulse is incident upon a strongly biased semicon-
ducting material (such as GaAs, InP, or CdTe) or
radiation-damaged silicon-on-sapphire. Generated carri-
ers are rapidly accelerated in the external (bias) field, pro-
ducing a burst of THz radiation. Various antenna geom-
etries have been employed to optimize both the radiated
power and the pulse shape.4,5 The presence of strong ex-
ternal bias is not essential for THz generation.6 Other
methods that use heterostructures, such as p-i-n
0740-3224/98/071953-07$15.00 ©
junctions7 and strained superlattices,8 have also been
demonstrated. In addition, a particularly interesting
method for the generation of tunable THz radiation was
recently reported9: A self-delayed, frequency-chirped ul-
trafast optical pulse is heterodyned in a photoconductor
antenna to generate a frequency-tunable THz pulse.

A steady refinement of THz generation techniques has
made several important applications possible, including
time-domain far-infrared spectroscopy,10 THz imaging,11

control of Rydberg atoms,12 and UWB ranging.13 Many
of these applications require a specific pulse shape, which
can be obtained through either application-oriented pulse
generation or postgeneration pulse processing.
Frequency-dependent attenuation across the near-
continuum spectra of half-cycle pulses leads to a strong
spatiotemporal shaping during propagation. This effect
was recently studied in the case of free-space
propagation14 as well as in the case of propagation
through refractive (focusing) optical systems.15 An addi-
tional motivation for the study of half-cycle shaping tech-
niques is provided by the anticipated arrival of half-cycle
optical sources.

Current spatiotemporal shaping techniques can be
classified as either active (direct) or passive (quasi-
optical). Active spatial control requires a radiating array
that can be addressed either optically or electronically.16

Passive techniques use quasi-optical elements that are ei-
ther refractive (dielectric lens, prism) or diffractive
(grating).17

In this paper we introduce a simple and elegant quasi-
optical technique for spatiotemporal shaping of half-cycle
THz radiation based on the use of conductive apertures of
finite thickness. We show that a thick conductive aper-
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ture plays the role of a highly discriminative high-pass fil-
ter for a properly polarized half-cycle pulse. Aperture
thickness, width, and incident pulse polarization are used
to control precisely the shape of the diffracted THz radia-
tion. Different experimental geometries are accurately
modeled and discussed by use of a finite-difference time-
domain (FDTD) Maxwell solver, providing detailed in-
sight into the spatiotemporal dynamics of half-cycle pulse
shaping. A simple waveguide model is developed and
used to describe the observed temporal shaping. We
show how this model can be used for synthesizing arbi-
trary high-pass filters.

2. EXPERIMENT
The experimental configuration is shown in Fig. 1(a).
Both the emitter (E) and the detector (D) of the THz ra-
diation were large-aperture photoconductive antennas.18

We made the emitter by using a semi-insulating GaAs
wafer oriented along the ^100& plane. It had a cross-
section area of 1 cm2 and was biased with a field of 2
kV/cm by means of parallel Au–Ge–Ni electrodes. A
150-fs optical pulse obtained from an 810-nm Ti:sapphire
laser triggered the THz emission by uniformly illuminat-
ing the GaAs wafer with a fluence of 20 mJ/cm2. The de-
tector was fabricated by deposition of parallel Au–Ge–Ni
electrodes, spaced 2 mm apart, upon an epilayer of low-
temperature molecular beam epitaxy–grown GaAs
(LT-GaAs).18 The 1.5-mm-thick LT-GaAs layer was
grown at 200 °C and annealed in situ at 600 °C to produce
a short carrier lifetime of ;1 ps. A delayed Ti:sapphire
pulse gated the detector by uniformly illuminating the
2-mm2 active area with a fluence of 0.5 mJ/cm2. When
the optical and the THz pulses were present in the LT-
GaAs at the same time, the carriers produced by the op-
tical pulse were accelerated by the electric field of the
THz pulse. The component of the THz field perpendicu-
lar to the detector electrodes caused a current to flow in

Fig. 1. (a) Experimental setup and (b) measured THz pulse in-
cident upon the conducting aperture.
the external circuit. We measured this small current
(;1 pA) by chopping the 1-kHz optical pulse train that
triggered the emitter and using a lock-in amplifier. We
sampled the THz pulse electric field with a resolution that
was limited to 600 fs by the lifetime of the carriers in the
LT-GaAs.

The adjustable slit filter (SF) was formed between the
edges of two 5 cm 3 10 cm sheets of copper, oriented par-
allel or perpendicular to the direction of THz polarization.
The slit was 10 cm from the emitter, ensuring an approxi-
mately planar wave front over the slit widths of interest
(0.1–5 mm). The incident THz pulse shown in Fig. 1(b)
was measured 7 mm in front of the slit. Its main peak
has a width (FWHM) of 1.3 ps and contains 72% of the
detected energy. The small feature ;12 ps after the
main peak is due to reflections within the 0.5-mm-thick
emitter. The power spectrum of the pulse is peaked at
0.2 THz and extends past 1 THz.

We measured the effect of two types of slit filter in the
two cases in which the thickness of the screen, l, was
much less, or greater, than the cutoff wavelength. To
make a slit filter in a screen whose thickness l is much
less than the shortest wavelength of the THz pulse
(1 THz [ 300 mm) we mounted razor blades on the inner
edges of the copper sheets. To make a thick filter (i.e., a
slit in a thick screen), we used a slit formed between 1.7-
mm-thick copper sheets. By adjusting the slit width d
we changed the shape of the transmitted pulses measured
7 mm after the filter. For slit widths d ; 1 mm, the
pulses transmitted by the thick and the thin filters are
dramatically different, as shown in Fig. 2. Note that the

Fig. 2. Measured (solid curves) and FDTD calculated THz pulse
shapes for thin (left) and thick (right) apertures: (a) 300-mm, (b)
500-mm, (c) 700-mm widths.
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pulse transmitted by the thick filter is chirped and oscil-
lates with a period that decreases as the slit width de-
creases.

3. FINITE-DIFFERENCE TIME-DOMAIN
NUMERICAL SIMULATION
In this section we discuss the results of numerical simu-
lations performed by the FDTD method. Assume a two-
dimensional scattering geometry, as shown in Fig. 3 (in-
set): the conductive aperture is oriented along the x axis,
whereas the incident field travels along the y axis. Two
distinct polarization modes are considered in this analy-
sis: (a) the incident electric field is parallel to the con-
ductive slit (z polarized) and (b) the incident electric field
is orthogonal to the conductive slit (x polarized). The
former case is referred to as TM polarizations and the lat-
ter corresponds to TE polarization. The two-dimensional
space is divided into scattered and incident regions. The
conductive aperture, the detector, and the space between
them belong to the scattered region. A perfect plane
wave is generated in the incident region, positioned in
front of the aperture. The relatively small curvature of
the actual incident THz pulse (;0.003 rad) allows for the
perfect plane-wave approximation to be made. The cal-
culation used the measured THz pulse shape [Fig. 1(b)] as
the input to the FDTD algorithm. The calculated field is
effectively terminated at the scattered domain boundaries
by implementation of the Engquist–Majda conditions.19

These conditions were successfully tested against a large
computing domain in which no waves reflected from
boundaries were allowed into the region between the ap-
erture and the detector.

The copper aperture was modeled as a perfect electrical
conductor (PEC). The PEC model is justified by the high
conductivity of the copper used in the experiment (s
; 6 3 108 @*/m#). Inasmuch as the entire modeling do-
main consists of vacuum and PEC structures only, we

Fig. 3. Diffraction from a conductive slit: FDTD (dashed
curves) versus measured (solid curves) field. The scattering ge-
ometry (inset) is defined by d 5 0.5 mm, D 5 3 mm, s
5 7 mm, and l 5 1.7 mm. The incident pulse shape (mea-
sured) is used in all subsequent FDTD simulations.
used a linear, nondispersive FDTD algorithm19 in both
the TM and the TE cases. The following set of FDTD
equations was used to analyze TM scattering problem:
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where x 5 iDL, y 5 jDL, m is the magnetic permeability,
« is the dielectric permittivity, DL is the spatial grid cell,
and Dt is the time grid cell. Similarly, the TE diffraction
problem is solved by use of the following set of equations:

Fig. 4. TE (left) versus TM diffraction: Pulse propagation is
tracked as it penetrates the aperture in time increments of 1.5
ps. The solid curves are the on-axis pulse profiles.
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An isotropic (Dx 5 Dy 5 DL 5 15 mm) spatial grid was
used in both the TM and the TE cases. The shortest
wavelength present in the pulse spectrum (l ; 300 mm)
is resolved with an accuracy of l/20, which dictates the
spatial cell size to be Dl 5 15 mm. To preserve the sta-
bility of the algorithm20 the temporal step is set to Dt
5 Dx/2c 5 25 fs. We estimate that the spatiotemporal
grid described here induces a maximum propagation er-
ror of approximately 1024, as given by the phase-velocity
relation20 vP /c ; pDL/$l sin21@2 sin(pDL/2l)#%.

Figure 3 illustrates the accuracy of the FDTD method.
Identical geometries are analyzed for both TE and TM
cases: The detector is placed 7 mm away from a 500-mm-
wide and 1.7-mm-thick PEC aperture. The finite size of
the detector requires spatial averaging across its surface
(D 5 3 mm). Nevertheless, both calculated and mea-
sured diffracted waveforms serve as a good approxima-
tion for the on-axis field strength, as the detector sub-
tends only 612° as viewed from the aperture. The
extremely good agreement between the FDTD calculation
and the measured data is apparent in Fig. 2, where dif-
fracted waveforms are plotted for the thin and the thick
TM cases. In the thin TM case (diffraction by a slit made
from razor blades) the PEC aperture is modeled by two in-
finitely thin conductive sheets. Note that no scaling pa-
rameters have been used in comparing experimental and
theoretical results.

It is clear from both the experimental results and the
FDTD calculations that significant pulse reshaping oc-
curs only in the case of thick-aperture TM diffraction.
Figure 4 provides insight into the pulse formation within
the thick aperture for the cases of negligible reshaping
(TE) and strong pulse reshaping (TM). Dispersion-free
propagation of the TE-polarized pulse is observed
throughout the entire diffraction process. The TM-
polarized pulse, on the other hand, is strongly dispersed
and undergoes a complex temporal modulation as it pen-
etrates the aperture.
4. ANALYTICAL WAVEGUIDE MODEL
Temporal modulation of half-cycle radiation diffracted by
a thick TM aperture, as shown both experimentally and
by FDTD simulations, represents the strongest shaping
mechanism observed here. This conclusion appears to be
valid for any diffracted direction and not only for the mea-
sured on-axis field, as we discuss below by using the
FDTD method. Because the diffraction of the pulse by
the conductive aperture is a linear process, it is natural to
consider the problem in the frequency domain to gain fur-
ther insight.

Consider the aperture transfer function, shown in Fig.
5 and measured experimentally. We plot the transfer
function T(n) 5 EIN(n)/EOUT(n) for a 1.7-mm-thick and
500-mm-wide aperture for the TM case by calculating the
Fourier transform of the measured incident @EIN(n)# and
the transmitted @EOUT(n)# on-axis THz pulses. The filter
function describing the effect of the aperture exhibits a
strong high-pass cutoff near 0.3 THz and a 6-dB trans-
mission bandwidth of approximately 37 GHz. The non-
linear nature of the filter phase response is responsible
for the strong dispersion observed in diffracted pulses,
shown in Figs. 2 and 3. These results suggest a simple
modeling approach in which a single-mode waveguide is
formed between the faces of the conductive aperture.

Consider a waveguide that matches the aperture geom-
etry by its length l and width d. It can be shown that
the propagation constant of the mode propagating in this
structure is21

Fig. 5. Measured slit transfer function (d 5 0.5 mm). Dashed
curve, phase as predicted by the waveguide model.
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where nc 5 c/2d is the cutoff frequency of the filter. The
transfer function of the waveguide is given by T(n)
5 exp@ib (n)l#. Figure 5 compares the predictions of the
waveguide mode with the experimental data by plotting
the phase of T(n). The amplitude transmission above
the cutoff frequency is 0.3, which we could easily increase
by collimating the transmitted radiation with a standard
silicon lens after it emerges from the waveguide.

Finally, in Fig. 6, where the dependence of the cutoff
frequency (nc) on the waveguide width (d) is compared
with measured data, we demonstrate the agreement be-
tween the waveguide model and the experimental data.
For the evanescent modes (n , nc) the attenuation of the
waveguide strongly increases with its length. A long
waveguide (i.e., thick aperture) will strongly attenuate
spectral content below the cutoff frequency, thus tempo-
rally modulating the diffracted radiation. At the same
time, a thin aperture has much lower attenuation across
the same spectral region, allowing for little or no temporal
change in the output pulse. Indeed, the transmission
function falls off slowly below the roll-off frequency nr
; 1.5 c/pd.22

5. COMPARISON OF THICK AND THIN
APERTURES
We now return to the comparison of thin and thick aper-
tures by studying the diffraction and propagation of THz
pulses, using the FDTD algorithm. Figure 7 compares
the propagation of the TM half-cycle pulse through thin
(left column) and thick (right column) apertures. The in-
stantaneous amplitude of the electric field is plotted at
three consecutive times: (top) the TM half-cycle pulse
starts to penetrate the 500-mm-wide and 1.7-mm-thick
aperture (18.75 ps), (middle) the pulse emerges from the
thick aperture (26.25 ps), and (bottom) the pulse is fully
transmitted though the aperture (33.75 ps) and begins to
diffract into the half-space past the aperture. The on-
axis amplitude profile is plotted in each case and clearly
indicates strong temporal shaping within the thick aper-
ture itself. It also shows a comparatively small change
in the shape of the pulse transmitted by a thin aperture.
It is important to notice that the temporal shape of the

Fig. 6. Cutoff frequency for the thick conductive slit with TM
polarization: waveguide prediction (solid curve) versus mea-
sured cutoff frequencies (points).
diffracted radiation does not change significantly as we
move the observation point off axis. Indeed, an extensive
set of FDTD calculations was performed to test this con-
clusion. We found that the only significant difference be-
tween on- and off-axis diffracted signal exists in the
near-dc region. Weak spectral features (;12 dB below
the cutoff-frequency spectral strength) positioned at mul-
tiples of the cutoff frequency are also seen. The role of
the increasing aperture thickness in the pulse reshaping
is illustrated in Fig. 8. The incident half-cycle TM pulse
is completely diffracted by the thin aperture (d
5 283 mm), suffering negligible temporal modulation af-
ter t 5 18 ps. When it is incident upon the thick aper-
ture (d 5 1698 mm), on the other hand, the incident
pulse is just beginning a reshaping process during the
same 18-ps time delay.

The value of the cutoff frequency (nc 5 c/2d) is pre-
cisely controlled by the aperture width d. Figure 9 illus-
trates this point for varying aperture widths with the ap-
erture thickness kept constant (l 5 1.7 mm). A higher
cutoff frequency (narrower aperture width) attenuates a
broader portion of the incident pulse spectrum. This pro-
cess ultimately leads to formation of the carrier-frequency
pulse, whose spectral spread rapidly narrows with the in-
crease in the cutoff frequency. For a very narrow aper-
ture width (d 5 300 mm) the corresponding cutoff fre-
quency is 0.5 THz, and the transmitted pulse closely

Fig. 7. TM diffraction: thin (left, l 5 0.1 mm) versus thick
(right, l 5 1.7 mm) conductive apertures. The aperture width is
d 5 0.5 mm in both cases.
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resembles the carrier-frequency form. The diffraction
from the wide aperture (d 5 1100 mm) with a cutoff fre-
quency of 0.136 THz results in an almost half-cycle pulse
shape. We emphasize the importance of this mechanism
for any applications that require carrier UWB radiation
(e.g., UWB ranging and sensing).

Fig. 8. TM pulse shaping in variable-thickness conductive ap-
ertures: the 0.5-mm-wide aperture thickness is increased from
283 mm (thin) to 1698 mm (thick).

Fig. 9. TM pulse shaping in variable-width apertures: the 1.7-
mm-thick aperture width is 300 mm (upper row), 700 mm (middle
row), and 1100 mm (bottom row).
6. CONCLUSION
We have developed a simple quasi-optical technique for
passive spatiotemporal reshaping of half-cycle THz radia-
tion. We have demonstrated that a conductive aperture
can be used to control precisely the form of an incident
half-cycle pulse. The conductive slit geometry (slit width
and thickness) and pulse polarization are used to convert
the incident half-cycle radiation into the carrier-
frequency signal. Although free-space propagation can
also be used to attenuate low-frequency spectral content,
our method offers a much more discriminative and pre-
cise spectral control. Temporal modulation of the trans-
mitted radiation is shown to be a dominant effect in all
the geometries considered and is approximately identical
along any azimuthal direction. The latter observation al-
lows the simple waveguide model, used for the on-axis fil-
ter response, to be used throughout the entire half-space
past the aperture.

This simple demonstration of a quasi-optical slit filter
and the power and accuracy of the FDTD simulations
shows the possibility of synthesis of custom filters. Many
of the techniques used in the microwave domain could be
scaled down to the THz domain.23 Possibilities include
using the reflected low-frequency component of the pulse
or designing tapered filters (in which the cutoff frequency
varies with position inside the waveguide), arrays of slit
filters, and three-dimensional apertures.
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