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We report the use of optical pulse shaping to convert single femtosecond pulses into lower-intensity pulse
sequences for excitation of photoconductive dipole antennas, which results in the generation of bursts of

tunable narrow-band free-space terahertz radiation.

Our experiments demonstrate that the use of such pulse

sequences can significantly enhance the spectral amplitude of the narrow-band terahertz radiation by avoiding

the saturation effects that occur with single-pulse excitation.

Our technique also provides the capability for

terahertz wave-form shaping. [ 1996 Optical Society of America

Generation of ultrafast bursts of terahertz (THz)
radiation propagating in free space has attracted
considerable attention in recent years.!”®> In the
most common generation technique, broadband THz
radiation is produced as a result of ultrafast cur-
rent surges excited in photoconductive switches by
single femtosecond optical pulses.!”> THz free-space
radiation has been used in applications in coherent
time-domain spectroscopy,” in imaging and ranging
of objects,> and as a diagnostic of ultrafast carrier
dynamics in semiconductors.>® On the other hand,
some applications, such as radar and microwave com-
munications and far-infrared nonlinear optics, favor
high power, and sometimes narrow-band, THz radia-
tion. For this reason a number of researchers have
investigated the optimum design of photoconductive
THz transmitters and the physical mechanisms that
limit the radiation power.”® In addition, generation
of tunable narrow-band THz radiation was recently
demonstrated by use of a train of femtosecond exci-
tation pulses derived from the interference between
a pair of highly chirped optical pulses.!® In this
Letter we report generation of narrow-band THz
radiation from a photoconducting antenna driven by
optical pulse sequences obtained through femtosecond
pulse shaping.!!™¥® Our experiments demonstrate,
for the first time to our knowledge, that the power
spectral density at the peak of the narrow-band THz
spectrum can be significantly enhanced by the use
of multiple-pulse sequences. We attribute these sur-
prising results 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.

In our experiment a Ti:sapphire oscillator produced
~100-fs input pulses at a repetition rate of 80 MHz
centered around a wavelength of 800 nm. These
input pulses passed through a grating-and-lens optical
pulse shaper.!'* A spatially patterned, periodic
phase mask was placed in the Fourier plane of the
pulse shaper to tailor the optical frequency spectrum.
This mask is similar to that used previously for im-
pulsive excitation of coherent phonons in molecular
crystals' and coherent control of charge oscillations in
semiconductor heterostructures.® The pulse repeti-
tion rate could be tuned from 750 GHz to 1.3 THz by
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selection of mask patterns with different spatial peri-
odicities. The excitation pulse sequence was focused
to an ~10-um spot on the transmitting antenna.
The antenna, mounted upon a Si hyperhemispheri-
cal substrate lens, was a dc-biased photoconducting
dipole antenna fabricated upon low-temperature (LT)
GaAs with a subpicosecond carrier lifetime.!* In
our experiment a 25-V bias was applied across a
5-um photoconductive gap. The THz radiation propa-
gated in free space and was focused by another Si
hyperhemispherical lens onto a similar photoconduct-
ing dipole antenna, which acted as the receiver. The
receiver was placed ~10 cm away from the transmitter
to detect the far-field radiation. A portion (~40 mW)
of a split beam from the original pulse was used as
a trigger to sample the THz radiation 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. We mapped
out the THz radiation field as a function of time by
varying the delay between the excitation pulse and the
sampling pulse.

Figures 1(a) and 1(b) show intensity cross-
correlation measurements of the optical excitation
pulses made with a single unshaped pulse split off
from the laser as a reference. Cross-correlation
measurements are shown both for single excitation
pulses obtained by removing the mask pattern from
the pulse shaper [Fig. 1(a)] and for a 750-GHz multiple
pulse sequence [Fig. 1(b)]. Figures 1(c) and 1(d)
show measurements of the THz radiation generated
by the single-pulse and the multiple-pulse sequences
at a fixed 44-mW average pump power. Excitation
with the pulse sequence resulted in a quasi-sinusoidal
THz waveform with a center frequency equal to the
repetition frequency of the optical pulse train. The
multiple-pulse sequence functions as an active filter
to select a particular THz radiation frequency. One
can easily tune the center frequency of the narrow-
band THz radiation by varying the spatial period of
the mask patterns, which changes the optical pulse
repetition frequency.

Here we are particularly interested in comparing the
amplitude of THz radiation generated by single- and
multiple-optical-pulse excitation. One can show that,
if the photoconducting antenna remains in the linear
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Fig. 1. Intensity cross-correlation measurement of the

input optical excitation pulse: (a) single pulse, (b) multiple

pulses. Time-domain waveforms for the THz radiation

using (c) single-optical-pulse and (d) multiple-optical-pulse

excitation.

response regime, the peak THz spectral amplitude at
frequency v, excited by a multiple-pulse sequence with
repetition rate vy is the same as the THz spectral am-
plitude at frequency v, that results 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 the
peak THz field as viewed in the time domain, the
multiple-pulse character of the resultant waveforms
leads to the same THz spectral amplitude at the se-
lected frequency. This is indeed the case in our experi-
ments at low optical powers (P < 12 mW). However,
for higher optical power a dramatic difference between
single-pulse and multiple-pulse excitation is observed.
To compare the power dependence of the THz radi-
ation for these two cases, we performed fast Fourier
transforms (FFT’s) of the measured THz time-domain
waveforms. Figure 2 shows the FFT field spectrum
for a high-excitation case at an average optical power of
44 mW. The peak THz spectral amplitude observed
at the first-harmonic frequency vy = 750 GHz result-
ing from multiple-pulse excitation is increased by a
factor of ~1.84 compared with that for single-pulse
excitation. This corresponds to a factor-of-~3.4 en-
hancement in the power spectral density. Also evident
are the second- and third-harmonic radiation from the
multiple-pulse excitation; however, at these high fre-
quencies the enhancement relative to the single-pulse
results is clearly reduced. This frequency-dependent
enhancement of narrow-band THz generation by use
of multiple-pulse optical excitation arises because of
the avoidance of saturation mechanisms that limit the
THz amplitude in the case of high-power single-optical-
pulse excitation.

Figure 3 is a plot representing the THz spectral am-
plitude at v = 750 GHz as a function of average optical
power for both single- and multiple-pulse excitation.
The filled symbols in the plot are derived directly from
the FFT of the measured THz time-domain waveforms;
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we obtained the open symbols simply by recording
the peak amplitudes of the detected time-domain THz
waveforms versus power and then multiplying by the
appropriate scale factors to convert from peak time-
domain amplitude to spectral amplitude at »,. We
determined the scale factor by comparing the THz
time-domain data and their Fourier transforms for
44-mW average pump power for both single- and
multiple-pulse excitation. The same scale factors (one
for single pulses and one for multiple pulses) were then
applied to generate the amplitudes represented by all
the open symbols. Both single- and multiple-pulse
plots show a linear dependence on optical power for
average powers below ~12 mW. At higher powers,
however, the THz amplitude for single-pulse excitation
saturates, whereas the THz signal obtained by
multiple-pulse excitation remains linear with optical
power. The avoidance of saturation in the latter
case arises because the peak optical intensity of the
multiple-pulse sequence is reduced nearly tenfold
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Fig. 2. Field spectrum of the THz radiation generated
with (a) single-pulse and (b) multiple-pulse excitation at
an average power of 44 mW.
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Fig. 3. Spectral amplitudes of the THz radiation as a

function of the average excitation powers for the (a) single-
and (b) multiple-optical pulse excitations. Filled symbols
represent peak spectral amplitudes obtained directly from
FFT’s. Open symbols represent peak amplitudes in the
time domain scaled to the spectral amplitudes at vy by
multiplication by the appropriate scale factors. Dashed
curves are fits to relation (1) for (a) F; ~ 350 uJ/cm?; (b)
is a linear fit. Also shown are typical error bars.
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compared with that of the original single pulse, thus
scaling multiple-pulse excitation into the linear re-
sponse regime.

The scaling and saturation behavior of THz ra-
diation with single-optical-pulse excitation has been
studied both experimentally and theoretically.>’~%1°
In principle, the saturation at high optical power den-
sities could result from screening of the bias field
either owing to the space-charge field or owing to
the radiation field itself. Saturation studies of dipole
antennas and related structures have focused on space-
charge screening, which has led to significant satu-
ration on an ultrafast time scale at carrier densities
in the 10'7-10"-cm =3 range.>’® In our highest-power
(44-mW) single-pulse experiments the estimated car-
rier density is 3 X 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 ge-
ometry. With multiple-pulse excitation each individ-
ual pulse generates substantially fewer 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), screening effects that are due to
the space-charge field are strongly reduced with mul-
tiple pulses. Our observation that the enhancement
obtained with multiple pulses appears to be frequency
dependent (see Fig. 2) may point to the presence of a
finite saturation recovery time, which could serve as
a signature for contributions of space-charge screen-
ing to the saturation behavior. Further investigations
will be needed to elucidate this point.

In the case of large-aperture antennas, attention has
focused on screening of the bias field by the radiation
field. The THz 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 with the shortest THz wavelength™®:

Fopt/Fs

E.(t) ~ —Ebm .

(D

Here E; is the bias field, Fopt is the optical fluence,
and the saturation fluence F, is a constant. Our
experiments use fluences as high as 700 wJ/cm?2,
well above the saturation fluences reported for large-
aperture antennas™®; a fit to our single-pulse data
by relation (1) with F, = 350 ud/cm? shows good
agreement with our experimental results [Fig. 3(a),
dashed curve]. 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, for which the
dipole size is much less than the average THz average
wavelength. In the experiments using multiple-pulse
excitation the saturation is linked to peak optical
power (or fluence per individual pulse). Spreading
the optical excitation into multiple pulses, resulting
in a reduced peak radiation field, greatly extends the
saturation regime.

Our current research does not distinguish between
space-charge field and radiation field screening mecha-
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nisms, although multiple-pulse excitation appears
capable of alleviating both mechanisms. It may be
possible to further distinguish between these potential
saturation mechanisms by performing experiments in
which both the pulse sequences and the material pa-
rameters are varied. In particular, studies of the satu-
ration behavior as a function of pulse repetition rate
and carrier lifetime should shed light on the relative
contributions of these saturation mechanisms. Fur-
thermore, we note that, although the use of dipole
antennas has limited the absolute field amplitude
achieved in our current study, our proof-of-principle
results can be extended to enhance THz power spectral
densities achieved with high-power large-aperture
antennas.

In conclusion, we have observed an enhancement of
narrow-band THz radiation by using a femtosecond
pulse shaper to generate optical pulse sequences used
to excite a photoconducting antenna. This technique
can be extended to generate tunable, narrow-band
THz radiation or specially crafted, programmable THz
waveforms with the addition of a programmable optical
pulse shaper for THz waveform engineering.
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D. E. Leaird. This research was supported by the Na-
tional Science Foundation under grant 9404677-PHY
and by the U.S. Air Force Office of Scientific Research
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