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Abstract. We discuss Fourier methods for shaping and processing femtosecond optical signals. Examples

of applications in optical communications and in generation of terahertz radiation are presented.
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1. Introduction

A variety of powerful femtosecond pulse processing methods, based on a
time-domain Fourier optics approach, have been developed over the last ten
years (Weiner 1995; Weiner and Kanan 1998). This paper gives a brief
overview of selected results from this ®eld, drawing upon work by the author.
In Sect. 2 we discuss Fourier transform pulse shaping, which allows synthesis
of femtosecond optical waveforms according to speci®cation. Then in Sect. 3
we review holographic and non-linear pulse processing experiments, which
enable storage, recall, convolution and correlation of femtosecond optical
waveforms, as well as space-time conversion operations. Systems utilizing
space-time conversions in conjunction with smart pixel optoelectronic device
arrays may lead to a new paradigm for switching and processing of high-
speed time-division-multiplexed optical data. In Sect. 4 we discuss recent
results on a direct space-to-time pulse shaper, which may be particularly
suitable for space-time processing systems. Finally, in Sect. 5 we discuss
applications of pulse shaping for generation of terahertz radiation.

2. Femtosecond pulse shaping

We ®rst discuss femtosecond pulse shaping, in which powerful Fourier syn-
thesis methods are utilized to generate almost arbitrarily shaped femtosecond
optical waveforms (Weiner et al. 1988a; Weiner 1995). As sketched in Fig. 1,
in pulse shaping an incident femtosecond pulse is spread into its constituent
spectral components by a grating and lens. A spatially patterned mask then
modulates the phase and amplitude of the spatially dispersed spectral
components. After the spectral components are recombined by a second lens
and grating, a shaped output pulse is obtained, with the pulse shape given by
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the Fourier transform of the pattern transferred by the mask onto the
spectrum. Pulse shaping masks have been implemented by using microli-
thographic patterning techniques (Weiner et al. 1988a, b), programmable
spatial light modulators (Weiner et al. 1992a; Hillegas 1994; Wefers and
Nelson 1995), holographic masks (Nuss and Morrison 1995), and deformable
mirrors (Heritage et al. 1991; Zeek et al. 1999). Pulse shaping has been
successfully applied for a variety of experiments in laboratories worldwide,
with applications ranging from high-speed communications to ultrafast
spectroscopy and high-®eld physics.

Pulse shaping has many potential applications for broadband communi-
cations. One simple example is the possibility of generating packets of ul-
trashort `bits' for transmission in time-division multiplexed (TDM)
transmission or networking systems. The intensity pro®le of a short pulse
sequence consisting of four ones, a zero, and four ones, with a peak pulse
repetition rate in the Tbit/s range, is shown in Fig. 2 (Weiner and Leaird
1990). This particular waveform was generated by using a ®xed phase-only
®lter fabricated using microlithographic patterning techniques. One goal of
our current research is to produce such waveforms using one-dimensional
optoelectronic modulator arrays, so that new packets can be formed and
reprogrammed on a subnanosecond time scale. A direct space-to-time pulse
shaper particularly useful for this goal is discussed in Sect. 4.

A second application is dispersion compensation with application to ul-
trashort pulse ®ber transmission. In our group we have recently demon-
strated transmission of sub-500-femtosecond pulses over a 2.5 km link
consisting of lengths of standard single-mode ®ber (SMF) and dispersion
compensating ®ber (DCF) (Chang and Weiner 1997). By carefully matching
both the dispersions and dispersion slopes, we obtain less than a factor of two
pulse broadening, despite the fact that the pulse ®rst broadens by several
hundred-fold in the SMF part of the link. An example of our data is shown in

Fig. 1. Femtosecond pulse shaping apparatus.
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Fig. 3. Due to a small residual dispersion slope in our link, the output pulse
in Fig. 3(b) has an asymmetric distortion characteristic of dispersion slope.
We can compensate for this phase distortion by programming a pulse shaper

Fig. 2. Ultrafast optical pulse (`bit') sequence, generated through femtosecond pulse shaping.

Fig. 3. Input pulse to the 2.5-km ®ber link (a) and output pulse from the ®ber link when constant phase

(b) or cubic phase correction (c) is applied to LCM. The applied phase pattern is shown in (d).
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for an equal and opposite cubic phase. This is implemented using a ®ber
pigtailed pulse shaper, with a low ®ber-to-®ber insertion loss of 5.3 dB, with
a 128-element liquid crystal phase modulator (Weiner et al. 1992a) as the
programmable mask. The applied spectral phase function is shown in
Fig. 3(d). The resulting pulse, shown in Fig. 3(c), is completely recompressed
with no observable distortion (Chang et al. 1998). We have recently extended
this technique to shorter pulses (400 fs) and longer ®ber spans (10 km), again
with no observable distortion (Shen and Weiner 1999). This technique for
®ne tuning out small amounts of residual dispersion from dispersion com-
pensated links should be applicable both to code-division multiple-access
(CDMA) (Chang et al. 1998; Sardesai et al. 1998) and ultrahigh-speed TDM
optical transmission and networking. The use of a pulse shaper in a similar
fashion to compensate spectral phase distortions in high power femtosecond
ampli®er systems has also been reported recently by several groups (Brixner
et al. 1998; E®mov et al. 1998; Zeek et al. 1999).

The ability to program a pulse shaper under computer control has also led
recently to several interesting demonstrations of adaptive pulse shaping
(Bardeen et al. 1997; Baumert et al. 1997; Yelin et al. 1997; Assion et al.
1998; Brixner et al. 1998; E®mov et al. 1998; Meshulach et al. 1998). In these
experiments one starts with a random spectral pattern programmed into the
pulse shaper, which is updated iteratively according to a stochastic optimi-
zation algorithm based on the di�erence between a desired and measured
experimental output. In this way, femtosecond waveform synthesis or chirp
compensation can be achieved without the need to explicitly program the
pulse shaper.

It is also worth noting that pulse shapers have also been used for appli-
cations in wavelength-division-multiplexed (WDM) communications. Here
the pulse shaper is used to realize programmable and nearly arbitrary spectral
®lters, e.g., for equalization of the gain spectrum of erbium-doped ®ber
ampli®ers (Ford and Walker 1998) and for implementation of a multi-
wavelength optical switch with nearly square passbands (Patel and Silberberg
1995). Interestingly, integrated optical components designed for WDM
applications are also being adapted to implement integrated optical pulse
shapers (Fermann et al. 1993; Kurokawa et al. 1997; Takenouchi et al.
1998).

3. Holographic and non-linear Fourier pulse processing

Pulse shaping can be extended to accomplish more sophisticated pulse pro-
cessing operations by including holographic or non-linear materials in place
of a mask or spatial light modulator within the pulse shaping apparatus. For
example, by using a pair of input beams to the pulse shaper, one can write a
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spectral hologram, which allows storage, recall, time-reversal and matched
®ltering of ultrafast temporal signals as well as correlations and convolutions
between pairs of ultrafast signals (Mazurenko 1990; Weiner et al. 1992b). As
one recent example, Fig. 4 shows data demonstrating holographic correction
of pulse broadening due to a spectral phase distorter (Ding et al. 1998). Note
that in these experiments, the holographic medium was a dynamic photore-
fractive quantum well material with response time as fast as microseconds,
which allows the spectral holography setup to adaptively track slow varia-
tions in the input pulse. Undistorted input pulses (Fig. 4a) have a measured
width of 260 fs, while the di�racted output pulses (Fig. 4c) have measured
widths of 410 fs, where the pulse broadening results only from the limited
optical bandwidth of the excitonic non-linearity in the photorefractive
quantum wells. Figure 4c shows the measurement of a broadened and dis-
torted pulse generated by passing it through a pulse shaper containing a
phase aberrator. The di�racted output from the spectral holography setup
(Fig. 4d), with 407 fs width is essentially unchanged from the non-distorted
input pulse case. This illustrates the correlation and matched ®ltering oper-
ations of spectral holography, which can occur automatically in a self-aligned
manner. Slow variations in pulse timing were also adaptively corrected in

Fig. 4. Electric ®eld cross-correlation data for the input signal-pulse without (a) and with the phase

distorter (c), and the corresponding di�racted output pulse from the hologram (b and d).
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these experiments (Ding et al. 1998). In addition to pure time-domain pro-
cessing, spectral holography can also be applied to implement time-to-space
(Ema et al. 1991; Nuss et al. 1994; Sun et al. 1997; Kanan andWeiner 1998) or
space-to-time (Ema and Shimizu 1990; Sun et al. 1995; Ding et al. 1997; Ma-
rom et al. 1999) (serial-to-parallel or parallel-to-serial) conversion operations.

For applications where faster update rates are required, such as packet
processing for ultrafast optical communications and networking, operation
on a nanosecond time scale or faster is desired. Holographic materials are
generally too slow for this. We are currently pursuing subnanosecond update
rates in pulse shaping and processing in two ways:
± For space-to-time conversion, we have demonstrated a pulse shaping ge-

ometry in which the output temporal waveform is a direct replica of the
spatial masking function (as opposed to the Fourier transform relation of
the pulse shaper shown in Fig. 1) (Leaird and Weiner 1999). This geom-
etry is compatible with the use of one-dimensional optoelectronic modu-
lator arrays for high-speed operation, and tests using high-speed
optoelectronics are now under way. Experiments demonstrating operation
of this direct space-to-time pulse shaper on a femtosecond time-scale are
brie¯y reviewed in Sect. 4.

± For time-to-space conversion, we have adopted an apparatus in which a
second harmonic crystal within the pulse shaper replaces the holographic
material used by earlier time-to-space experiments. Since second harmonic
generation (SHG) is an instantaneous non-linearity, very high-speed op-
eration is possible provided a su�cient power budget is available. This
geometry was ®rst demonstrated by Mazurenko, Fainman, and coworkers
(Sun et al. 1997). We have recently performed similar time-to-space con-
version experiments (Kanan and Weiner 1998; Weiner and Kanan 1998),
where we have demonstrated a second harmonic conversion e�ciency of
58%, a more than 500-fold enhancement compared to the earlier experi-
ments. Key to obtaining this high e�ciency was the realization that inside
a pulse shaper, where the spectral components are dispersed, the pulse
width is correspondingly increased, and therefore, group velocity mis-
match (GVM) in the second harmonic crystal is not a signi®cant issue.
This allows the use of a much thicker non-linear crystal than in the usual
femtosecond experiments, where GVM is a serious e�ect. The use of a
thicker crystal with a high non-linearity in a non-critical phase matching
geometry is responsible for the greatly increased SHG e�ciency. High
conversion e�ciency will be very important for construction of time-space
processing systems operating with reasonable power levels at frame rates
suitable for high-speed communications.

One current objective is to further exploit the relationship between time and
space in pulse shaping and spectral holography in conjunction with space-
domain smart pixel optoelectronic processing. Our concept is shown in Fig. 5
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(Weiner and Kanan 1998). High-speed time-domain signals will be converted
into the space-domain, processed using smart pixel arrays, and then con-
verted back to the ultrafast time-domain. We envision that by integrating the
processing power of parallel electronics and optoelectronics into our system
in this way, a number of sophisticated new operations (e.g., time slot inter-
change, digital logic) will become possible for ultrafast and broadband op-
tical signals.

4. Direct space-to-time pulse shaper

The direct space-to-time (DST) pulse shaper (Leaird and Weiner 1999) has
two important advantages for high-speed pulse sequence generation, com-
pared to the Fourier transform pulse shaper, as follows:
1. It avoids the need to perform a Fourier transform to determine the

masking function for each new packet, which would be very di�cult at
high update rates. Instead, there would be a one-to-one mapping between
an individual modulator element and an individual bit in the output data
packet, which would be ideal for parallel-to-serial conversion of data in
byte or word format.

2. Data packet generation using Fourier transform shaping typically requires
that both spectral amplitude and phase be precisely controlled. Pulse se-
quence generation with a DST shaper requires only intensity modulation,
which is compatible with existing optoelectronic modulator array tech-
nologies.

Fig. 5. Block diagram of generalized space-time pulse processing systems. By converting interchangeably

between time, space and wavelength domains, sophisticated data manipulation applications may be

possible.
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We note that the concept of a DST pulse shaper was previously demonstrated
for simple waveforms on a picosecond time scale by Emplit et al. (1987,
1992). Here we demonstrate generation of optical data packets on a femto-
second time scale (Leaird and Weiner 1999), in a geometry compatible with
direct insertion of a high-speed optoelectronic modulator array.

Figure 6 shows a schematic representation of the direct space-to-time
shaper. Although this system has some similarities to the conventional
Fourier transform pulse shaper, there are also distinct di�erences. In par-
ticular, the Fourier plane of the lens contains a thin slit, and the spatially
patterned mask is placed at the di�raction grating. The ®eld of the input
pulse just prior to being dispersed by the di�raction grating (at plane P1 in
Fig. 6) is simply the ®eld of the laser input transmitted through the spatially
patterned mask:

e1�x; t� /
Z

dx Ein�x�s�x�ejxt �1�

Here s�x� is the spatial pro®le at P1, given by the input beam spatial pro®le
multiplied by the transmission through the spatially patterned mask and
Ein�x� is the Fourier transform of the input ®eld ein�t�. The di�raction
grating disperses this spatially patterned input ®eld, and the lens performs a
spatial Fourier transform on the dispersed frequency components. At the
Fourier plane of the lens (P2), the spatial pro®le of any particular frequency
component is the Fourier transform of the input spatial pro®le:

e2�x; t� /
Z

dx Ein�x�S�b�xÿ ax��ejxt �2�

Here S�k� is the Fourier transform of the spatial pro®le at the grating,
a � k2f =2pcd cos hd is the spatial dispersion, and b � �2p=kf ��cos hd=
cos hi� is the Fourier transform scaling factor including the beam size change
upon di�raction from the grating, f denotes the focal length of the pulse
shaping lens, d is the period of the di�raction grating, c is the speed of light, k
is the center wavelength and hd and hi are the di�raction and incident angles,
respectively. The thin slit samples the spectrally dispersed frequency com-

Fig. 6. Schematic representation of pulse shaping components in the direct space-to-time shaper.
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ponents (around x � 0) giving a spatially uniform output spectrum that is the
Fourier transform of the input spatial pro®le. The result is:

e3�t� /
Z

dx Ein�x�S�ÿabx�ejxt / ein�t� � s�ÿt=ab� �3�

The temporal pro®le is simply determined by the input pulse convolved with
a scaled representation of the input spatial pro®le, with the space-to-time
scaling constant (unit ps/mm) given by:

ab � k
cd cos hi

�4�

Figure 7 shows an example of a pulse train generated using the DST pulse
shaper. A ®xed amplitude mask, fabricated using standard lithographic
techniques to pattern a gold layer deposited onto a glass substrate, was used
at the input of the shaper. The transmission mask consists of various linear
arrays of 20 lm transparent rectangles with 62.5 lm center-to-center spac-
ing. The space between the transparent rectangles is opaque due to the gold
®lm. Figure 7 shows a cross-correlation measurement of the optical pulse
sequence generated with pixelation mask pattern consisting of a periodic
arrays of 20 lm transparent rectangles. Clearly there are twenty uniformly
spaced temporal pulses. The separation between pulses (1.88 ps) is in excel-
lent agreement with the expected conversion constant, which was calculated
by modifying Equation (4) to include the magni®cation of the optical system
imaging the actual mask onto the grating. The roll-o� in the temporal pro®le
toward the edges of the train is due to the ®nite size of the Gaussian beam at
the pixelation mask. Similar experiments, demonstrating generation of ul-
trafast optical data packets with some of the twenty pulses in Fig. 7 turned
o�, have also been reported (Leaird and Weiner 1999).

Fig. 7. A 20-pulse `optical comb' generated with ®xed mask.
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5. Applications for generation of terahertz (THz) radiation

Shaped femtosecond pulses have important applications in ultrafast laser±
matter interactions and spectroscopy. Within my group sequences of
femtosecond pulses generated by pulse shaping were previously applied for
selective ampli®cation of coherent optical phonons through multiple-pulse
impulsive stimulated Raman scattering (Weiner et al. 1990) and for multiple-
pulse excitation and control of coherent quantum mechanical charges oscil-
lations in quantum well systems (Brener et al. 1993). More recently, the use
of shaped femtosecond pulses for manipulation and enhancement of optically
excited THz radiation has been investigated. In one set of experiments, we
demonstrated THz waveform synthesis by using shaped pulses to excite ul-
trafast photoconductive dipole antennas, resulting in generation of quasi-
narrowband THz tone bursts and THz pulse trains with internal phase and
amplitude modulations (Lin et al. 1996a). Two examples of THz waveform
shaping are shown in Fig. 8. Figure 8(a) shows the intensity cross-correlation
measurements of the shaped optical waveforms; in each case the optical
signal is a six pulse sequence, but with di�erent delays between the third and

Fig. 8. (a) Measured intensity cross-correlations of two di�erent optical pulse sequences, marked I and II.

(b) Corresponding THz radiation waveforms measured via photoconductive sampling. The dashed lines

highlight the phase shift within the THz waveforms controlled via an extra time delay between pulses three

and four in optical pulse sequence II. (c) Calculated THz waveforms based on the cross-correlation data

and the measured single-pulse THz system response.

482 A.M. WEINER



fourth pulses. The resulting THz waveforms are shown in Fig. 8(b), where the
change in optical pulse spacing leads to a phase modulation internal to
the THz waveform. Theoretical THz waveforms, Fig. 8(c), calculated on the
basis of the measured optical excitation waveforms, show good agreement
with the experimental results.

We also discovered that multiple pulse excitation could result in an
enhanced power spectral density at a selected THz frequency through
avoidance of saturation e�ects (Liu et al. 1996b). Data illustrating this e�ect
for the case of dipole antennas are shown in Fig. 9, which plots the Fourier
transform of the detected THz waveforms for both single-pulse and multiple-
pulse excitation at low (11 mW) and higher (44 mW) average optical excita-
tion powers. Within each of the two plots, the average optical power for single
and multiple-pulse excitation is kept the same. There are three main obser-
vations. First, multiple-pulse excitation converts the THz spectrum, which is
broadband under single-pulse excitation, into a series of relatively narrow
peaks corresponding to the pulse repetition frequency and its harmonics (only
the lowest harmonic is visible in Fig. 9). Second, in the lower power case, the
THz spectral peaks obtained under multiple-pulse excitation lie on the
broadband THz envelope resulting from single-pulse excitation [Fig. 9(a)].
This e�ect is expected whenever the THz response is a linear function of the
input optical intensity. Third, in the higher optical power case, saturation
e�ects become evident; and we observe a signi®cant enhancement in the peak
THz spectrum under multiple-pulse excitation compared to the THz spectrum
excited by a single-pulse [Fig. 9(b)]. There are two main saturation mecha-
nisms which can limit THz emission from photoconductive antennas. One
mechanism is screening of the applied bias ®eld due to charge separation
resulting from the photocurrent; this e�ect is reduced under multiple-pulse
excitation due to rapid carrier trapping and recombination, which can take
place in between pulses for fast photoconductors. The second mechanism is
screening of the applied ®eld by the THz ®eld itself; this e�ect is reduced under
multiple-pulse excitation due to the lower peak THz ®elds.

Recently, we have also extended this multiple-pulse excitation technique to
enhance the THz emission from large aperture photoconductors driven by an
ampli®ed femtosecond source, which results in substantially higher peak
electric ®elds (Siders et al. 1999). These experiments also elucidate the role of
the photoconductor response time in avoidance of saturation due to
screening by the THz ®eld.

6. Summary

In summary, we have given a brief overview of the ®eld of Fourier optics
femtosecond pulse processing, drawing on examples of work from the
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author's laboratory. We ®rst described femtosecond pulse shaping, which
allows nearly arbitrary spectral ®ltering and waveform synthesis of femto-
second optical signals, with applications such as dispersion compensation

Fig. 9. Power spectra of THz radiation resulting from broadband single-pulse excitation and narrowband

multiple-pulse excitation, for (a) 11 mW average optical power (bottom) and (b) 44 mW average optical

power (top). For the higher optical input power case, a clear enhancement in the peak spectral power

density is observed when using multiple-pulse excitation.
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and code-division multiple-access communications. We also discussed
extensions of pulse shaping incorporating holographic or non-linear media
within the pulse shaper, which lead to femtosecond pulse processing opera-
tions such as correlation, matched ®ltering, and space-to-time and time-to-
space conversions. Finally, we illustrated the application of pulse shaping in
spectroscopy and ultrafast laser±matter interactions by describing its use for
manipulation and enhancement of THz radiation from photoconductive
antennas.
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