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Terahertz Waveform Synthesis
via Optical Pulse Shaping

Yongqian Liu, Sang-Gyu Park, and A. M. Weiner

Abstract—We describe the principles of free-space terahertz
waveform synthesis by using a programmable optical pulse
shaper to drive a photoconducting dipole antenna. We illustrate
this technique using several experimental examples, including
manipulation of the amplitude and the phase of ultrafast
terahertz waveforms as well as generation of ultrafast bit
sequences at terahertz frequencies. We present a theory which
accurately predicts the shapes of the terahertz waveforms
produced in our experiments. In addition to the controllability
of terahertz radiation, we have shown that optical pulse shaping
can be used to avoid saturation of the terahertz field at high-
peak power and increase generation efficiencies for terahertz
radiations at selected, narrow-band frequencies.

I. INTRODUCTION

I N RECENT YEARS, there has been a growing interest
in generating terahertz (THz) radiation for both scientific

and technological applications [1]–[3]. The coherent terahertz
radiation field provides a unique tool to access the millimeter
to submillimeter spectral region, which is quite difficult to
achieve with conventional microwave and Far-IR techniques
[4]–[6]. This has opened up new methods for material char-
acterizations based on coherent time-domain spectroscopy [5],
[6], high-speed circuit testing [7], and imaging and ranging of
objects using submillimeter-wave radiation [8], [9]. Various
techniques have been been developed and demonstrated to
launch and detect such terahertz radiation, including dipole and
large aperture photoconductive antennas, optical rectification
using unbiased semiconductors and electrooptic crystals, and
photoexcitation of coherent charge oscillations in semicon-
ductor heterostructures [1]–[16]. Over the years, researchers
have concentrated on improving the speed and power of
terahertz radiation from both the generation and detection
points of view. Detected terahertz pulses can be as fast as
a single-cycle or even half-cycle and can span a spectral
range up to near Mid-IR [5], [17]–[19]. The peak power of
the terahertz radiation can reach a few hundred Watt using
optimum design of terahertz transmitters in combination with
high power amplified laser pulses [12], [18], [20]. Terahertz
radiation is usually generated from a single short optical
pulse, resulting in a short burst of terahertz radiation and a
broad-band spectrum. More recently, narrow-band terahertz
radiation has also been generated using interference of chirped
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optical pulses [21]. To extend the flexibility of terahertz
radiation for some other applications, such as coherent con-
trol of molecular states in the terahertz-frequency range and
submillimeter communications, it is also desirable to have
capabilities of generating arbitrarily shaped millimeter and
submillimeter waveforms. Some attempts have been made to
generate simple terahertz waveforms through coherent control
of charge oscillations in quantum-well structures and through
spatially patterning the photocurrent distributions in large
aperture photoconducting antennas [22]–[26]. In the former
case, the ability to craft terahertz waveforms is limited by
the built-in charge oscillations. In the latter case, an angular
slice of the whole radiated power from the large aperture
antenna was detected resulting in loss of signal strengths.
For arbitrary shaping of terahertz waveforms, photoconduc-
tive approaches are more applicable. Recent developments
in femtosecond pulse-shaping technology, which provides the
ability to synthesize ultrashort optical waveforms according
to specification [27]–[33], have significant implications for
optoelectronic devices such as terahertz radiation systems.
Since the terahertz radiation depends on the exciting optical
intensity profiles, femtosecond pulse-shaping technology could
make it possible to engineer the shape of terahertz waveforms.
Similar to applications of optical pulse shaping for ultrafast
optical communications [31] and coherent control [35], the
ability to craft terahertz radiation fields has great potential for
coherent control of dynamical processes such as molecular
bond-breaking through interaction with rotational or vibra-
tional motions [35], [36] and submillimeter-wave interconnect
systems based on terahertz radiation.

In this paper, we describe a technique for terahertz wave-
form synthesis based on radiation from ultrafast current surges
in photoconductive switches excited by shaped optical pulses.
Our technique provides a simple way to generate flexible tera-
hertz waveforms and detect the radiation beam with minimum
loss of powers. For completeness, we will sketch a theory that
calculates the antenna response to a single optical pulse using
parameters related to the photoconductive materials. We will
derive the theory that quantitatively predicts terahertz radiation
waveforms from the antenna response measured in response
to a single optical pulse. Our theory shows for the first time
to our knowledge that complicated terahertz waveforms can
be calculated based on the shape of the input optical pulses
and the measured single-pulse terahertz response. We then
demonstrate several examples of terahertz waveform synthesis,
illustrating control of both the phase and the amplitude of
generated terahertz signals, and compare the experimental
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results with calculations using our theory. We obtain excel-
lent agreement between theory and experiment without any
external adjustable parameters. We also show that optical
pulse sequences can be used to generate tunable, narrow-
band terahertz radiation. Aside from the utility of crafting
terahertz waveforms to our specifications, we demonstrate that
the power spectral density at the peak of the narrow-band
terahertz spectrum can be significantly enhanced by using
multiple pulse sequences instead of single optical pulses [37].
These results can be attributed to the avoidance of saturation
effects, which can occur for example when the radiated field
amplitude is sufficient to partially screen the applied bias field.

This paper is organized as follows. We describe in Section
II a generalized theory which relates the shape of the terahertz
radiation field from a photoconductive antenna to the exciting
optical intensity waveforms. Section III describes the experi-
mental apparatus for optical pulse shaping and for generation
of shaped terahertz radiation fields. In Section IV, we present
several examples of shaped terahertz radiation waveforms that
are generated using optical pulse sequences produced using
a programmable liquid crystal modulator inside an optical
pulse shaper. Section V presents generation of tunable narrow-
band terahertz radiation generated using microlithographically-
fabricated phase masks inside a pulse shaper. Section VI
presents enhancement of the narrow-band terahertz radiation
spectral amplitude by this technique. Finally, Section VII
summarizes the experimental results.

II. THEORY

The principle of terahertz waveform engineering in our
work is to control the radiation field by changing the optical
pulse shape. The desired optical waveforms are generated by
a femtosecond pulse shaper and used to excite a photocon-
ducting dipole antenna. The pulse shaper consists of a grating
and lens pair with a spatially patterned mask placed in the
Fourier plane of the pulse shaper to tailor the optical frequency
spectrum. The pulse shape at the output of the apparatus is
determined by the Fourier transform of the pattern transferred
by the masks onto the spectrum. We use and to
denote the electric field profiles of the pulses before and after
the pulse shaper, respectively. The pulse emerging from the
pulse-shaping apparatus is given by [31]

(1)

where and are the Fourier transforms of
and , respectively, and is the effective

frequency filter implemented by the masks within the pulse
shaper setup. The output profile of the shaped optical pulses
is written as , with Fourier transform [32]

(2)
Here, denotes the Fourier transform of ; it does
not denote the magnitude squared of the Fourier transform of
the field.

The generated terahertz radiation originates from the tran-
sient current induced by the optical pulses. In the linear

response regime, the radiation field is given by the convolution
of the exciting optical pulse intensity and the terahertz system
response. The response function of a free-space terahertz
system consists of the transmitter response, the terahertz-wave
propagation function which accounts for the frequency
and geometry dependent coupling between transmitter and
receiver, and the receiver response. Now let us consider a pair
of antennas consisting of a transmitter and a receiver. Similar
to the transmitter response function previously discussed by
[4], [38], the transient current density in the transmitter can
be described by

(3)

where is the surface conductivity, is the bias field,
denotes convolution, and is the exciting optical

pulse intensity on the transmitter. is the photocurrent
response function of the transmitter, which we take to have
the following form

(4)

Here, is a unit step function, is the carrier lifetime of
the photoconductive material used to fabricate the transmitter,
and is the “collision time” appearing in Drude theory of
photoexcited carriers with the lattice. Similar to [4],
represents a finite rise time for the current during the initial
ballistic acceleration of the photoexcited carriers, followed by
exponential decay due to carrier trapping or recombination.
Equation (3) is valid assuming a constant bias field and
in the absence of any saturation mechanisms. The spectral
amplitude of the transient current is given by

(5)

where is the Fourier transform of the transmitter
photocurrent response . In general, the radiation field
can be related to the transient current pulse by a characteristic
frequency-dependent antenna response

(6)

In the case of a dipole antenna where the dimension of the
dipole is much smaller than the average radiation wavelength,

since the radiation field follows the time-derivative
of the current pulse.

The radiated field at the receiver applies a transient bias
across the receiver photoconductive gap, which is sampled
by illuminating with an optical probe pulse. The detected
signal is the time-integrated photocurrent, i.e., total charge

, resulting from this sampling operation, as a function
of the delay of the probe pulse with respect to the incoming
terahertz field. The time-dependent receiver photocurrent may
be written as the product of the induced bias voltage across
the photoconductive gap with the time-dependent con-
ductance induced by the delayed probe pulse arriving
at time

(7)
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The induced bias voltage is related to the incoming terahertz
field by

(8)

where is the Fourier transform of and is
the frequency-dependent receiver antenna response function
(again for a short dipole). The probe-induced
conductance in response to a probe pulse at is
given by

(9)

Here is the temporal profile of the probe pulse (in our
experiment the probe pulse is the same as the input pulse) and

is the photoconductance impulse response function of
the receiving antenna, given by

(10)

where is the carrier lifetime of the receiver. For the
receiver we neglect the finite rise time for the photocurrent.
This assumption allows us to simplify the rather complicated
expression which would be required to describe the transient
photocurrent in the case of finite photocurrent rise time with
both the bias field and the carrier density time-dependent.
This assumption should be justified at least in part since the
integration over the transient photocurrent, yielding , will
be dominated by the width of the photocurrent response, which
is closely related to the carrier lifetime.

The expression for can now be written as follows:

(11)

The Fourier transform of , denoted , assumes a
particularly convenient form

(12)

Here, and are the Fourier transform of
and , respectively. For our studies, we used shaped
optical pulses to excite the transmitter and unshaped optical
pulses to gate the receiver. In this case, from (1) and (2),

(13)

(14)

where is the Fourier transform of the intensity profile
of the input unshaped optical pulse. We can now rewrite the
expression for as

(15)

where is the characteristic terahertz system response
resulting from identical unshaped pump and probe optical
pulses and is given by

(16)

is the effective response function of the pulse shaper
in terms of the optical intensities and is defined by

(17)

Equations (15)–(17) represent one of our key results. They
indicate that the measured signal
is equal to the convolution of the terahertz response function
observed for unshaped pulses with an effective “intensity im-
pulse response” function for the pulse shapers. If the unshaped
input pulses are very short compared to the photocurrent
response functions, the terahertz response function is
approximately independent of the input pulse duration; in this
case the form observed in response to a shaped pump
pulse is just the unshaped pulse terahertz response convolved
directly with the shaped intensity profile.

From the above equations, it is obvious that linear filtering
of the optical field can be used to modify terahertz radiation
field. Thus, the ability to shape optical pulses can be extended
to control over the shape of terahertz waveforms, provided
that the response of the terahertz system is sufficiently fast.
We notice that although the terahertz response is linear in
the shaped intensity and the effective intensity filter
function , it is nonlinear in the shaped optical field
and in the actual filtering function . Therefore, in or-
der to find pulse-shaping filter which will produce a
specified terahertz waveform, one must invert the nonlinear
equations given by (13)–(17). These are limitations to the
range of terahertz waveforms which can be synthesized. For
example, since the terahertz-generation process is driven by
the optical intensity, which is always nonnegative, it is not
possible to invert the sign of the terahertz waveform through
optical pulse shaping (assuming fixed transmitter bias field

). This problem can be resolved, however, if coherence
is incorporated into the emitter part (e.g., generation through
difference frequency mixing). It is also not possible to generate
terahertz waveforms with significantly greater spectral content
than generated in unshaped pulse experiments. We also note
that for terahertz waveforms, which can be synthesized, in
general more than one pulse-shaping filter can be used
to produce the required shaped pulse , since the phase
profile of the optical field is a free parameter. This has the
practical implication that can often be implemented as
a phase-only filter for high optical energy efficiency [34].

In order to compare our experiments with theory, we use
(15) to calculate the expected terahertz waveforms with a
given mask function in the pulse shaper, using either of two
approaches. The first approach is based on first principle
calculations to directly calculate both the shaped optical pulse
from the intended mask filter function using (13) and the
terahertz system response from the materials parameters
using (16).

As an example, consider the terahertz system response with
both pump and probe unshaped, Fig. 1(a) shows a typical
measurement of the unshaped pulse terahertz response. A
typical intensity cross correlation measurement of the pump
and probe pulses is shown in the inset. Fig. 1(b) shows the
calculated terahertz response using (16). is assumed
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Fig. 1. (a) Typical characteristic terahertz system response with single-pulse
optial excitation. The inset shows the cross correlation of unshaped pump
pulses with pulses direcly from the laser as the reference. (b) Calculated
characteristic terahertz system response from (16) using�T = 0.6 ps,�R =
0.6 ps, and�c = 0.3 ps with a 150-fs input-optical pulse.

here for ease of calculation. The agreement between data and
calculation is reasonably good with the following assumed
values for the material parameters: 0.6 ps, 0.6
ps, and 0.3 ps (note that these values are not uniquely
determined). The main difference between these two plots is
the more pronounced oscillatory features evident in Fig. 1(a),
which is most likely due to frequency-dependent propagation
effects of the terahertz beam, which is neglected in this
calculation.

This approach can be extended to the case of shaped pulses
by computing from (17) and the design value of the
masking function .

The second approach, which is the one we follow in the rest
of the paper, uses the measured form of together with
the measured terahertz system response obtained from
single optical pulse experiments. An expression for can
be obtained experimentally using the intensity cross correlation
data. Expressions for the cross correlations of the shaped and
the unshaped pulses with unshaped pulses directly
from the laser are given respectively as follows:

(18)

(19)

The Fourier transforms of the intensity cross correlations are
given by

(20)

(21)

The is determined by dividing the Fourier transformed
cross correlation data

(22)

This second approach using only measured data takes into
account any nonideal mask responses from pulse shaper as
well as lack of complete knowledge about the photoconducting
material parameters. The examples shown later in this paper
verify that this calculational approach produces an excellent
agreement with shaped pulse experiments, with no adjustable
parameters.

Note that we could also shape the optical pulse incident on
the receiver instead of on the transmitter. Although this would
not generate a shaped terahertz beam, it will produce a shaped
experimental measurement , with the shape related to a
time-reversed version of the optical probing pulse. Using both
shaped pump and probe pulses will produce a waveform
related to the intensity cross-correlation function between

and . Note also that our calculation should not be
limited to terahertz waveforms design using pulse shapers but
could also be applied to general cases of terahertz waveform
enginnering based on optical pulse profiles generated using
other techniques.

III. EXPERIMENTAL APPARATUS

Our experiments are based on the enabling technologies of
femtosecond pulse shaping [27]–[29], [31] and LT-GaAs based
photoconducting dipole antennas [39]. We used a Ti-sapphire
oscillator (Spectra Physics Tsunami) producing100-fs pulses
at a repetition rate of 80 MHz around a center wavelength of
800 nm. A schematic diagram of the experimental arrangement
is shown in Fig. 2. The femtosecond laser output is split into
two beams. One of them acts as the pump to a transmitting
antenna while the other is the probe beam gating a receiving
antenna. A pulse shaper is used in the pump beam to design
the exciting optical pulse intensity profiles. The pulse-shaping
apparatus, similar to [27]–[28], consists of a pair of 1800-
line/mm gratings placed at the focal planes of a unit magnifi-
cation achromatic confocal lens (15-cm focal lengths) pair. The
optical pulse design is accomplished by either a programmable
liquid crystal modulator (LCM) manufactured by Cambridge
Research Inc. or a fixed microlithographically-fabricated phase
mask similar to [32]. The LCM we used is a combination of
two 128-element liquid crystal modulators that can filter both
the amplitude and the phase of the optical spectrum [29]. The
LCM was controlled through a homemade computer graphical
interface to set the driving voltage of each modulator element
through use of a predetermined calibration table relating the
filter function and the driving voltage. Intensity profiles
of the shaped pulses are measured by cross correlation via
second harmonic generation, using pulses directly from the
laser as the reference. The shaped optical pulses are focused
to a 10- m spot on the transmitting antenna. The dipole
antenna structure consists of a pair of Ti–Au transmission
lines (separated by 30m) with a small gap in the middle
(5 m). The dipole antennas are fabricated on LT-GaAs
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Fig. 2. Schematic diagram of experimental arrangement.

with subpicosecond carrier lifetimes and are mounted on
high-resistivity silicon hyperhemispherical lens with a 10-mm
diameter and a center thickness of 6.4 mm. In our experiments,
the transmitting antenna is biased by a dc power supply with

25 V. The terahertz radiation propagates in free space and
is focused by another silicon hyperhemispherical lens onto a
similar photoconducting dipole antenna which acted as the
receiver. The receiver was placed10 cm away from the
transmitter to detect the far-field radiation. The unshaped
optical probe beam was used as a trigger to sample the
terahertz radiation field sensed by the detector. The current
signal, proportional to the radiated field, was amplified by a
current preamplifier and recorded by a lock-in amplifier. The
terahertz radiation field was mapped out as a function of time
by varying the delay between the excitation pulse and the
sampling pulse.

IV. TERAHERTZ WAVEFORM SYNTHESIS

In this section, we demonstrate several examples of terahertz
waveform synthesis by using different optical pulse sequences.
We will show that both the phase and amplitude profiles of
terahertz waveforms can be modulated. In order to compare
our experimental results with calculations, for every data
set we measured the characteristic terahertz system response

using single-pulse excitation in order to account for any
changes due to day-to-day variations in the system alignment.
In each case, we also performed intensity cross correlation
measurements of both the shaped and unshaped optical pulses
using pulses directly from the laser as the reference. A typical
pump average power of7 mW and probe power of 20 mW
were used in the following experiments.

A. Terahertz Internal Phase Modulation

As a first example, we demonstrate control over the phases
of a six-cycle terahertz radiation waveform. We accomplish
this by designing a sequence of six optical pulses with different
separations. The filter function we used is the Fourier trans-
form of a sequence of delta functions separated by a certain
time spacing . For instance, a six-pulse sequence with equal
time-spacing between each pulse is given by

(23)

where corresponds to the optical frequency. Controlling
the internal phase of the resultant terahertz waveform can be

Fig. 3. (a) Measured cross correlation of two designed six-pulse sequences:
(I) equally time-spaced (II) an extra time delay at the fourth pulse. (b)
Measured terahertz radiation from the two pulse sequences. (c) Calculated
terahertz radiation based on (15) and (17) using measured characteristic
terahertz system response and cross-correlations data.

achieved simply by modifying the separations between pulses.
As long as the terahertz response function is fast enough to
respond to each pulse, the phases of individual terahertz cycles
are changed as a result of the optical pulse timing.

Fig. 3(a) shows cross correlations of two six-pulse optical
pulse sequences from the pulse shaper. The first (I) has equal
pulse spacing (period 0.8 ps); The second (II) has an extra
time delay at the fourth pulse (1.5instead of ). The terahertz
waveforms resulting from these excitation pulse sequences
are shown in Fig. 3(b). The first pulse sequence generated a
quasi-sinusoidal terahertz waveform with a constant frequency
corresponding to the repetition rate of the six-pulse sequence.
The second waveform generated a similar terahertz waveform
but with a phase shift occurring between the third and fourth
terahertz cycle. The phase reversals at the instants of time
shown by the dashed lines are clearly visible. Internal phase
modulation, as demonstrated in this simple example, could
potentially be used to generate orthogonal terahertz waveforms
with reduced cross-talk for communication applications.

Fig. 3(c) shows the calculated radiation field based on (15)
and (17) using the measured terahertz system response from
an unshaped pump pulse as well as the cross correlation
measurements of the unshaped pulse and the shaped optical
pulse sequences [see Fig. 3(a)]. An excellent agreement with
the experimentally observed terahertz waveforms is observed.
We emphasize that there are no adjustable parameters in
these calculations; only the measured single-pulse terahertz
response and the measured intensity cross correlations of
unshaped and shaped optical pulses are needed. The agreement
between data and calculations without adjustable parameters
validates the role of the optical pulse shaper in terahertz
waveform synthesis as described in Section II. We have
also performed first principles calculations of the terahertz
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waveform using assumed exponential carrier lifetime for the
terahertz transmitting and receiving antennas, and using the
intended optical filter function [e.g., (23)]. Although these first
principles calculations show qualitative agreement with the
data, there are also discrepances. These discrepancies can arise
principally from two sources. First, the amplitude of the optical
pulses in the actual pulse sequences [Fig. 3(a)] are not equal,
which is not expected from (23); and second, the terahertz
system response resulting from single-pulse excitation is not
precisely reproduced by the model as discussed in Section
II. The use of measured cross correlations and the measured
terahertz system response removes these uncertainties and
produces closer agreement with the experiments.

B. Terahertz Amplitude Modulation

In this section, we consider two examples of terahertz
amplitude modulation which show the versatility of terahertz
waveform engineering based on pulse-shaping techniques.

Time-Division Multiplexing: One application of our tech-
nique is to generate terahertz waveforms forming binary bit
sequences, which could be used for example for high speed
chip-to-chip or board-to-board interconnect systems involving
high-speed time-division multiplexed (TDM) data. Compared
to previous work by [22], which first demonstrated such a
possibility using space-to-time mapping based on antenna
arrays, our optical pulse-shaping approach can be extended
to more complicated encoding schemes. Fig. (4) shows one
example of our data, where we used two different femtosecond
pulse sequences to generate terahertz waveforms encoded as
two different 4-bit words. The optical pulse sequences consist
of up to four pulses with pulse separation of2 ps as shown
by the cross correlation trace in Fig. 4(a). Respectively, they
represent 1111 and 1101 4-bit sequences with each peak
of the pulses representing one. These modulated signals at
optical frequencies (800 nm) can be directly transferred
to submillimeter waveforms as shown by the corresponding
terahertz measurement in Fig. 4(b). Note that in the terahertz
experiments, it is the electric field that is detected, in contrast
to the optical measurements in which intensity is detected.

Fig. 4(c) shows the calculated radiation field based on (15)
and (17) using measured terahertz system response from an
unshaped pump pulse and the cross correlation measure-
ments of the shaped optical pulse sequences as shown in
Fig. 4(a). Again, we can see almost a perfect match between
the calculation and the experimentally observed results shown
in Fig. 4(b). From these calculations, we expect that the
maximum speed of the terahertz modulation is determined by
the slower of the data rate generated by the pulse shaper and
the response time of the terahertz antenna system.

Narrow-Band Terahertz Amplitude Modulation:The previ-
ous section demonstrated binary amplitude modulation of a
terahertz pulse sequence. In fact, it is also easy to implement
variable (gray-level) amplitude modulation of the terahertz
waveform through grey-level control of the optical inten-
sity. To demonstrate this, we create a narrow-band terahertz
waveform by using an optical spectral phase filter as de-
scribed below. The filter consists of periodic repetitions of

Fig. 4. Terahertz time-domain multiplexing of two 4-bit words. (a) Measured
cross corelation of input optical pulses. (b) Measured terahertz radiation as
a result of the two encoded sequences. (c) Calculated terahertz radiation
of the two 4-bit words based on terahertz system response using measured
characteristic terahertz system response and cross correlations data.

a 15-element -sequence phase function generated using the
programmable liquid crystal modulator. The -sequence is
given by where the 0’s and 1’s represent
phases of zero and respectively. This pattern is repeated
periodically to determine all 128 elements of the LCM. As
has been previously demonstrated [27], [28], [32], such phase
functions produce narrow-band optical pulse sequences with
the amplitude of the center pulse controlled by varying the
phase shift . Fig. 5(a) shows the cross correlation of a
series of narrow-band optical pulse sequences. The different
phase shifts , 1.20 , 1.31 , and 1.43 result in a
dramatic change in the peak amplitude of the center pulse
which varies from close to zero to a dominant high amplitude.
Shown in Fig. 5(b) are the corresponding terahertz waveform
data. As expected, the amplitude of the center-cycle terahertz
radiation is modulated as a result of the optical pulse sequence
design, varying from a near zero to a large peak. Similar to the
previous cases, Fig. 5(c) shows the calculated radiation fields
based on (15) and (17). The excellent agreement between the
calculations and the experiments once again supports our the-
oretical model. The design of narrow-band terahertz radiation
with variable amplitude modulation could have applications in
coherent molecular control to selectively generate rotational
modes [35], [36].

V. TUNABLE NARROW-BAND TERAHERTZ RADIATION

The experiments on narrow-band terahertz radiation demon-
strated above can be also expanded to add tunability. This
can be accomplished simply by designing similar phase masks
with different spatial periodicities. The relation of the optical
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Fig. 5. Narrow-band amplitude modulation of terahertz waveforms. (a)
Measured cross correlation of input optical pulses with variable change
in phase(��) of a M -sequence filter function. (b) Measured amplitude
modulated terahertz waveform corresponding to the above input pulses.
(c) Calculated terahertz radiation based on terahertz system response and
cross-correlation data.

repetition rate and phase mask periodicity can be described by

(24)

where is the repetition frequency of a designed pulse
sequence, is the speed of light, is the grating period,
is the diffraction angle off the first grating of pulse shaper,
is the focal length of lens after the grating,is the optical
wavelength, and is the spatial period of the -sequence
phase mask.

In order to demonstrate generation of tunable narrow-band
radiation, we tuned the center frequency through control
of the mask spatial period . This was accomplished using
a fixed, microlithographically fabricated -sequence phase
mask similar to [27], [32], [33]. The mask contains a series of
approximately 20 one-dimensional phase patterns, where each
individual pattern is designed as a periodic repetition of an-
sequence, as described above. The spatial periodicity varies
from pattern to pattern, and therefore, the pulse repetition
period can be tuned by physically translating the mask
to place different patterns in front of the spatially dispersed
optical beam. For comparison, the mask also contains a blank,
constant phase area which produces a single unshaped optical
pulse. The experiment shown below used a pump power of

14 mW. One interesting and important feature of such a
phase mask is illustrated in Fig. 6, which shows the Fourier
transforms of intensity cross correlation measurements of an
unshaped pulse and of a shaped pulse sequence. The key

Fig. 6. Fourier transform of measured intensity cross correlation of single
and multiple optical pulses.

point is that the periodic optical phase mask acts as a peri-
odic narrow-band filter which selects only certain frequency
components from , the Fourier transform of the intensity
(not from the Fourier transform of the field). The amplitude
of the selected frequencies are the same as for the unshaped
pulse. This can be understood with reference to (1) and (2),
which show that is given by the correlation function of
the masked optical spectrum . As long as the filter
is a periodic phase-only function, the correlation is unchanged
by the phase mask for frequencies , where is an
integer and is determined by the spatial periodicity of the
mask through (24). For frequencies , the correlation
is low (this is guaranteed by the properties of-sequences),
and therefore is low also.

Fig. 7 shows the terahertz radiation measured (solid lines)
using this phase mask for several representative cases:
(a) 0.875 mm, (b) 0.717 mm, (c) 0.625 mm. The terahertz
radiation shows quasi-sinusoidal waveforms with center fre-
quencies equal to the repetition frequencies of the optical
pulse trains generated from each phase pattern. The phase
shift is 0.84 in order to provide a central pulse
amplitude consistent with a smooth pulse sequence envelope.
The center frequency of the narrow-band terahertz radiation
is tuned as a result of varying the spatial period of the
mask patterns, which changes the optical pulse repetition
frequency. Dashed lines in Fig. 7 represent the respective
terahertz waveforms from calculations based on (15) and
(17) using the measured terahertz system response [Fig. 7(a)]
together with measured cross correlations (not shown). The
calculations show a smaller temporal window due to shorter
temporal scans in cross correlation measurements. Once again,
we obtain a very good agreement between theory and experi-
ment, including the shapes of the individual terahertz features
making up the quasi-sinusoidal burst.

Fig. 8 shows the Fourier transforms of the time-domain
terahertz waveforms from the previous figure. As expected,
the single-pulse radiation is broad-band with spectral content
extending up to 2.5 THz (limited by our detector bandwidth).
The narrow-band radiation from the pulse sequences shows
both a first-harmonic and second-harmonic peak within our
bandwidth. It can be noticed that the spectral peak amplitude
at the first harmonic of the narrow-band radiation is enhanced
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Fig. 7. Measured (solid lines) and calculated (dashed lines) terahertz radia-
tion with fixed periodicM -sequence phase mask: (a)�x = 0.875 mm, (b)
�x = 0.717 mm, (c)�x = 0.625 mm.

Fig. 8. FFT field spectral amplitude showing the tuning of narrow-band
frequences through the changes of the spatial period: (a) Single-pulse, (b)
�x = 0.875 mm, (c)�x = 0.717 mm, (d)�x = 0.625 mm.

compared to single-pulse radiation envelope. Section VI will
explain this phenomena [37]. This figure clearly indicates the
frequency tuning of the center wavelength of the narrow-band
radiation by the spatial periodicity of the phase mask.

Fig. 9 shows the center frequency of the narrow-band radia-
tion as a function of spatial period . We have demonstrated
a tuning range from 750 GHz up to 1.3 THz with our current
mask and our pulse shaper design. As indicated by the fitted
dashed line, the center frequency of the radiation field linearly
depends on . This is in reasonable agreement with (24)
and our estimated pulse shaper parameters. We should point
out that the tuning range of this technique is not limited to the
range illustrated here. With proper design of the phase mask,
we can expect an even wider frequency tuning range.

VI. OVERCOMING SATURATION OF TERAHERTZ RADIATION

In this section, we are particularly interested in comparing
the amplitude of terahertz radiation generated via single-
and multiple-optical-pulse excitation. Similar to the previous

Fig. 9. Tuning range of the narrow-band terahertz radiation with current
apparatus: (a) First-harmonic; (b) Second-harmonic.

section, we used a fixed phase mask to generate a multiple
pulse sequence ( 750 GHz) [37].

As discussed and demonstrated in Section V, optical pulse
shaping using a periodic phase filter should not change the
amplitude of the narrow-band spectral peaks in from
the curve corresponding to a single optical pulse of the
same average power. This indicates that if the photoconducting
antennas remain in the linear response regime, then the peak
terahertz spectral amplitude at frequency excited by a
multiple pulse sequence with repetition rate is the same
as the terahertz spectral amplitude at frequencyresulting
from single-pulse excitation, provided that the overall optical
fluence is unchanged. Thus, even though use of a multiple
pulse sequence diminishes the peak optical intensity and peak
terahertz field as viewed in the time domain, the multiple pulse
character of the resultant waveforms lead to the same terahertz
spectral amplitude at the selected frequency. This is indeed the
case in our experiments at low optical powers ( 12 mW)
as shown in Fig. 10(a), which plots the Fourier transformed
terahertz power spectra under both single-pulse and multiple-
pulse excitations at an average optical power of11 mW.
However, for higher optical power, a dramatic difference
between single-pulse and multiple-pulse excitation is observed.
Fig. 10(b) shows the FFT power spectra for a higher optical
power excitation case of 44 mW. The peak terahertz power
spectral density resulting from multiple pulse excitation is
increased by more than a factor of three compared to the case
of single-pulse excitation. This surprising behavior, manifested
in the enhancement of narrow-band terahertz generation by
using multiple pulse optical excitation, arises due to avoidance
of saturation mechanisms which limit the terahertz amplitude
in the case of high-power single optical pulse excitation.

Fig. 11 shows a plot representing the terahertz spectral
amplitude at 750 GHz as a function of average optical
power for both single- and multiple-pulse excitation. The solid
symbols in the plot are derived directly from the FFT of the
measured terahertz time-domain waveforms; the open symbols
are obtained simply by recording the peak amplitudes of the
detected time-domain terahertz waveforms versus power and
then multiplying by the appropriate scale factors to convert
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Fig. 10. Fourier transformed power spectrums of the terahertz radiations
from broad-band single-pulse excitation and narrow-band multiple pulse
excitation at an average power of (a)P � 11 mW, and (b)P � 44 mW
showing the enhancement of radiation by multiple pulse excitation at high
powers.

from peak time-domain amplitude to spectral amplitude at.
Both single- and multiple-pulse plots show a linear dependence
on optical power for average powers below12 mW. At
higher powers, however, the terahertz amplitude for single-
pulse excitation saturates, while the terahertz signal obtained
using multiple pulse excitation remains linear with optical
power. Note we took care to obtain data used in Figs. 10
and 11 in a single experimental session; the exact value of
the saturation power could show some day-to-day variations
due to variations in system alignment such as focusing onto
the photoconductive antenna. We also chose the range of
optical powers below the damage threshold to avoid antenna
breakdown. The avoidance of saturation with multiple pulses
arises because the peak optical intensity of the multiple pulse
sequence is reduced nearly tenfold compared to the original
single pulse, thus, scaling multiple pulse excitation into the
linear response regime.

The scaling and saturation behavior of terahertz radiation
with single optical pulse excitation has been studied both
experimentally and theoretically. Saturation has been observed
in a number of different transmitter structures [12], [20],
[40]–[42]. In principle, the saturation at high optical power
densities could result either from screening of the bias field
due to the space-charge field or due to the radiation field itself.
Saturation studies of dipole antennas and related structures
have focused on space charge screening, which has led to

Fig. 11. Spectral amplitudes of the terahertz radiation as a function of the
average excitation powers for the (a) single- and (b) multiple-optical pulse
excitations. Solid symbols represent peak spectral amplitudes obtained directly
from FFT. Oen symbols represent peak amplitudes in the time domain scaled
to the spectral mplitudes at�0 by multiplying by the appropriate scale factors.
Dashed lies are fits to (25) for (a) usingFs � 350�J/cm2; linear fit for (b).
Also shown in the figure are typical error bars.

significant saturation on an ultrafast time scale at carrier den-
sities in the 10 –10 cm range [41], [42]. In our highest
power (44 mW) single-pulse experiments, the estimated carrier
density is 3 10 cm . This suggests that space charge
screening may also play a role in our single-pulse experiments,
even though the magnitude of these effects will depend on
the precise device geometry. With multiple pulse excitation
each individual pulse generates substantially less electron-
hole pairs. Provided that the space-charge relaxation time is
faster than the pulse repetition period as is likely given the
subpicosecond carrier lifetime of our LT-GaAs transmitter,
this strongly reduces screening effects due to the space-charge
field. In the case of large aperture antennas, attention has
focused on screening of the bias field by the radiation field. The
terahertz field expected when saturation is due to screening by
the radiation field is given by the following formula, valid
when the aperture is large compared to the longest terahertz
wavelength [20], [40]

(25)

Here, is the bias field, is the optical fluence, and
the saturation fluence is a constant. Experimental values
of are on the order of several tens ofJ/cm for semi-
insulating GaAs and InP, respectively [12], [20], [40]. Our
experiments use fluences as high as 700J/cm , well above
the saturation fluences reported for large aperture antennas;
and a fit to our single-pulse data using Eq. (25) with
350 J/cm shows good agreement with our experimental
results (see Fig. 11, dashed line). Thus, it seems likely that
screening by the radiation field may be an important effect in
our experiments, even though the large aperture results do not
directly apply to our setup, where the dipole size is much less
than the average terahertz average wavelength. The degree
to which the bias field is actually screened by the radiation
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field for dipole antenna structures will have to be clarified
by future investigation. In the experiments using multiple
pulse excitation, the saturation is linked to peak optical power
(or fluence per individual pulse). By spreading the optical
excitation into multiple pulses resulting in a reduced peak
radiation field, the saturation regime can be greatly extended.

We briefly remark on the relationship between the current
work and previous experiments [30] which used similar fem-
tosecond pulse sequences for impulsive excitation of coherent
optical phonons in molecular crystals. These previous exper-
iments were limited by optical damage; the use of lower
intensity pulse sequences allowed greater optical fluences
resulting in enhanced phonon amplitudes compared to single-
pulse excitation. In the current experiments, we intentionally
stay below the damage threshold but still attain enhanced
terahertz generation by avoiding saturation effects.

Our current work does not distinguish between space-charge
field and radiation field screening mechanisms, although mul-
tiple pulse excitation appears capable of alleviating both
mechanisms. It may be possible to distinguish between these
potential saturation mechanisms by performing further exper-
iments in which both the pulse sequences and the material
parameters are varied. Furthermore, we note that although
the use of dipole antennas has limited the absolute field
amplitude achieved in our current work, our proof-of-principle
results can be extended to enhance terahertz power spectral
densities achieved with high power, large aperture antennas.
On the other hand, enhancement of the narrow-band generation
efficiency with multiple pulses has an obvious cost—namely,
loss of speed and absolute field amplitude due to the extended
duration of the pulse trains. Thus, this technique will have
greatest implications for applications requiring high-power,
narrow-band terahertz radiation.

VII. CONCLUSION

We have demonstrated experimentally that optical pulse
shaping can be used to synthesize terahertz radiation wave-
forms generated from photoconductive antennas. By using
femtosecond pulse sequences with controlled intensity mod-
ulations and timing, we have produced several examples
of terahertz waveforms with desired amplitude and phase
modulations. We have also presented a theory that relates
the shaped terahertz waveform to the single-pulse terahertz
system response and the cross correlation data for shaped
and unshaped optical pulses. The theoretical predictions are
in excellent agreement with the experimental results using no
adjustable parameters. We show that one advantage of tera-
hertz waveform shaping is the enhancement of narrow-band
terahertz radiation generated by using optical pulse sequences
through avoidance of saturation effects. This technique could
have important implications for high-power terahertz applica-
tions such as terahertz nonlinear optics or particle accelerators.
Our work can also be extended to allow generation of specially
shaped mid-infrared radiation through difference frequency
mixing of shaped optical pulses in second-order nonlinear
crystals. In this case, the output radiation could be sensitive to
the phase as well as the intensity and timing of the input optical

waveforms, allowing even broader control of the output pulse
profiles.
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