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1. INTRODUCTION 

Since the advent of the laser over thirty years ago, there has been sustained interest in the 
quest to generate ultrashort laser pulses in the picosecond (lo-” second) and femtosecond 
(lo-” second) range. Over the last several years progress has been spectacular. Pulses on the 
order of 10 fs (only a few optical cycles in duration)‘8~“*98~‘24’ and below(262) are now available 
directly from modelocked titanium : sapphire lasers. W) Even shorter pulses down to the 
current world record of 6 fs w’) have been generated by using non-linear optical pulse 
compression techniques. Turn-key femtosecond solid-state lasers are now commercially 
available; home built as well as commercial femtosecond lasers and amplifiers are now present 
in laboratories around the world. This widespread access to femtosecond laser systems has 
accelerated the already considerable interest in this technology for studies of ultrafast 
phenomena in solid-state, chemical and biological materials, for generation and investigation 
of solid density plasmas, for fundamental studies of extremely high intensity laser-matter 
interactions and for high brightness X-ray generation, as well as for characterization of 
high-speed electronic and optoelectronic devices and systems, optical communications, 
medical imaging, and other applications. In the relatively near term one can also foresee the 
development of ‘practical’, power efficient femtosecond pulse systems, based either on 
semiconductor diode lasers, doped fiber lasers, or diode-pumped solid-state lasers, which will 
further extend uses for ultrashort pulses, particularly for commercial applications. 

Femtosecond lasers constitute the world’s best pulse generators. However, many appli- 
cations will require not only optical pulse generators, but also ultrafast optical waveform 
generators, in analogy with electronic function generators, which widely provide electronic 
square waves, triangle waves, and indeed arbitrary user specified waveforms. Over the past 
decade powerful optical waveform synthesis methods have been developed which allow 
generation of complicated ultrafast optical waveforms according to user specification. 
Coupled with the now widespread availability of femtosecond laser systems, pulse shaping 
systems can potentially have a strong impact as an experimental tool providing unprecedented 
control over ultrafast laser waveforms for ultrafast spectroscopy, non-linear optics, and 
high power amplification. The purpose of this article is to review such optical pulse shaping 
and processing techniques, as well as new applications already made possible by this 
technology. 

A schematic block diagram applicable to many of the current femtosecond pulse shaping 
methods is shown in Fig. 1. An input pulse from a femtosecond laser is directed to the pulse 
shaping setup, which reshapes the input pulse into the desired waveform. The sharpest 

Femtosecond 
Oscillator 

Amplifier Pulse 
Shacer 

Experiment 

FIG. 1. A block diagram of waveform synthesis through pulse shaping. A femtosecond laser source 
(which may be amplified) passes through a pulse shaper, where it is reshaped according to the needs 

of the experiment. 
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features in the reshaped waveform may have durations comparable to the input pulse 
duration. One may think of the new waveform as consisting of a multiplicity of such features 
pasted together, with each feature independently controllable in phase as well as amplitude. 
Waveforms consisting of several hundred such features have been generated, and therefore 
quite considerable complexity is possible. 

In the treatment below, we give some emphasis to the femtosecond pulse shaping 
technologies and applications introduced by the current author and his coworkers. However, 
we also aim to provide a broad survey of the many investigations related to ultrafast pulse 
shaping and processing in the scientific community as a whole. 

This review article is structured as follows. In Section 2 we discuss powerful femtosecond 
pulse shaping methods based on spatial filtering within a simple, non-dispersive optical pulse 
compression setup. A number of illustrative experimental examples are given, and fundamen- 
tal constraints affecting the range of possible waveforms are outlined. A number of other 
interesting pulse shaping approaches, based for example on passive filtering by volume 
holograms, phase-locked interferometers, and integrated acousto-optic filters, as well as active 
methods utilizing high-speed electro-optic modulators, are treated in Section 3. In Section 4 
we discuss the extension of well-known holographic optical signal processing methods into 
the ultrafast time domain. These techniques are useful not only for pulse shaping, but also 
lead to new functionalities, including storage and retrieval, time-reversal, and adaptive 
matched filtering of ultrafast time domain signals. In Section 5 we describe a number of 
interesting applications of ultrafast pulse shaping. Included are experiments related to 
ultrafast non-linear fiber optics, optical communications, coherent laser control of atomic and 
molecular processes, and ultrashort pulse amplification and metrology. In Section 6 we 
summarize briefly and anticipate some future developments of pulse shaping technology. 

2. FOURIER SYNTHESIS OF ULTRAFAST OPTICAL WAVEFORMS 

The most extensive work on ultrafast pulse shaping has employed Fourier synthesis 
techniques; these methods for generating arbitrarily shaped ultrafast optical waveforms are 
discussed in detail in this section. Other pulse shaping methods are covered in Section 3. The 
techniques included in this section all include the following basic steps: (1) spatial Fourier 
analysis of the incident pulse, (2) spatial filtering of the spatially dispersed frequencies, and 
(3) recombination of all the frequencies into a single collimated beam, resulting in the desired 
pulse shape. Thus, we may consider that pulse shaping is achieved via a simple linear filtering 
process. 

Our discussion of pulse shaping via Fourier synthesis proceeds as follows: We begin in 
Section 2.1 by reviewing linear filtering. Early pulse shaping work dealing with picosecond 
optical pulses is discussed in Section 2.2. More recent work on femtosecond pulse shaping 
is described extensively in Section 2.3; this is the technology which is now being applied for 
several experimental applications. A brief theoretical discussion of pulse shaping is given in 
Section 2.4. Section 2.5 covers a subset of pulse shaping in which phase-only filters are utilized 
to achieve low losses. Finally, a related alternate Fourier synthesis pulse shaping method is 
described in Section 2.6. 

2.1. Pulse shaping by linear jiltering 

The linear, time-invariant filter is a well known concept in electrical engineering. Linear 
filtering is commonly used to process electromagnetic signals ranging from very low 
frequencies (audio and below) up to very high frequencies (microwave). As we shall see, linear 
filtering can also be employed to generate specially shaped optical waveforms on the 
picosecond and femtosecond time scale. Of course, the components needed to realize linear 
filters for shaping of ultrafast optical signals are rather different from the familiar resistors, 
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inductors, and capacitors commonly used to form linear filters for conventional electronic 
signals. 

The linear filtering process can be described in either the time-domain or the frequency-do- 
main, as depicted in Fig. 2. In the time domain, the filter is characterized by its impulse 
response function h (t ). The output of the filter eout(t ) in response to an input pulse ei”(t ) 
is given by the convolution of ei, (t ) and h (t ): 

e,,,(t)=ei,(t)*h(t)= 
s 

dt’ein(t’)h(t -t’) (1) 

where * denotes convolution. If the input is a delta function, the output is simply h (t ). 
Therefore, for a sufficiently short input pulse, the problem of generating a specific output 
pulse shape is equivalent to the task of fabricating a linear filter with the desired impulse 
response. 

In the frequency domain, the filter is characterized by its frequency response H(o). The 
output of the linear filter EOUt(w) is the product of the input signal E,“(o) and the frequency 
response H(o), i.e. 

EoutC”)=Ein(o)H(o). (2) 

Here, e,,(t), eout(t), and h(t) and E,,(o), ./C&(o), and H(o) respectively, are Fourier 
transform pairs, i.e. 

H (co) = 
s 

dt h (t )e-‘O’ (3) 

and 

h (t ) = & 
s 

do H (o)eio’. (4) 

For a delta function input pulse, the input spectrum &(o) is equal to unity, and the output 
spectrum is equal to the frequency response of the filter. Therefore, due to the Fourier 
transform relations, generation of a desired output waveform can be accomplished by 
implementing a filter with the required frequency response. The Fourier synthesis pulse 

Linear Filtering 
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FIG. 2. Block diagram of pulse shaping by linear filtering. The pulse shaping linear filter can be 
described either in the time-domain or in the frequency-domain. 
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shaping approach discussed throughout Section 2 is described most naturally by means of 
this frequency-domain point of view. 

2.2. Picosecond pulse shaping 

Perhaps the earliest work on ultrafast waveform synthesis was performed in the 1970s by 
Desbois(s4’ and Agostinelli,“) who demonstrated a technique for pulse shaping on the 
subnanosecond time scale. Their technique, like the techniques we shall consider here, was 
based on spatial filtering of optical frequency components which were physically dispersed 
by a pair of diffraction gratings. Due to the temporal dispersion of the gratings, however, 
the shaped pulses were necessarily chirped and stretched out in time compared to the 
picosecond input pulses. The resulting subnanosecond shaped pulses are suitable for some 
applications, e.g. pulse forming for laser fusion, but if coherent picosecond or femtosecond 
pulses are needed, the temporal dispersion of the gratings must be eliminated. A review article 
by Froehly”‘) provides a comprehensive account of related pulse shaping work performed 
prior to 1983. 

An apparatus which eliminates temporal dispersion and makes possible synthesis of 
picosecond and femtosecond optical waveforms with precisely controlled shapes is sketched 
in Fig. 3. This setup was originally introduced by Froehly, (‘O) who performed pulse shaping 
experiments with input pulses 30 picoseconds in duration, and subsequently adopted by 
Weiner~236~238~239~24z~z4s~ for manipulation of femtosecond optical pulses. The apparatus consists 
of a pair of diffraction gratings and lenses, arranged in a configuration known as a ‘zero 
dispersion pulse compressor’,(‘37) and a pulse shaping mask. The individual optical frequency 
components contained with an incident pulse are spatially dispersed by the first grating and 
lens. Spatially patterned amplitude and phase masks are placed midway between the two 
lenses at the point where the optical spectral components experience the maximal spatial 
separation. After a second lens and grating recombine all the frequencies into a single 
collimated beam, a shaped output pulse is obtained, with the output pulse shape given by 
the Fourier transform of the pattern transferred by the masks onto the spectrum. 

In order for this technique to work as desired, one requires that in the absence of a pulse 
shaping mask, the output pulse should be identical to the input pulse. Therefore, the grating 
and lens configuration must be truly free of dispersion. This can be guaranteed if the lenses 
are set up as a unit magnification telescope, with the gratings located at the outside focal 
planes of the telescope. In this case the first lens performs a spatial Fourier transform between 
the plane of the first grating and the masking plane, and the second lens performs a second 
Fourier transform from the masking plane to the plane of the second grating. The total effect 

GRATING 

FIG. 3. A zero-dispersion pulse shaping apparatus for ultrashort optical pulses. The output pulse 
is determined by the Fourier transform of the pattern transferred from the mask onto the 

spectrum.‘2’RJ 
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of these two consecutive Fourier transforms is that the input pulse is unchanged in traveling 
through the system if no pulse shaping mask is present. 

Experiments with femtosecond pulses provide the most critical test of the dispersion-free 
nature of this arrangement; femtosecond pulses (due to their very high bandwidth) also allow 
for the greatest flexibility in synthesizing arbitrary ultrafast waveforms. Therefore, we will 
wait until Section 2.3. in which we discuss femtosecond pulse shaping, to present experimental 
results using this approach. We do note that for picosecond as well as femtosecond pulses, 
waveform synthesis is achieved by parallel modulation of the optical spectral components that 
make up the ultrashort pulse. Thus, waveforms with very high effective serial modulation 
rates can be generated without requiring any ultrafast devices. In the language of linear 
filtering, the incident femtosecond laser pulse plays the role of a delta function and the 
spatially patterned masks are used to implement the required frequency response. 

Another related approach which has been applied for picosecond pulse shaping,(90~92,2’7.236,24” 
shown in Fig. 4, is based on the fiber and grating pulse compressor.(79) In the fiber and grating 
pulse compressor, high power pulses are first propagated through a length of single-mode 
fiber; pulses exiting the fiber are spectrally broadened and chirped due to self-phase- 
modulation in the fiber. A pair of diffraction gratings are then used to cancel this chirp; this 
results in a compressed output pulse with a duration determined by the inverse of the 
broadened spectrum. From the pulse shaping perspective, one may consider that the chirp 
of the pulse exiting the fiber is used to compensate for the temporal dispersion of the gratings. 

In the picosecond pulse shaping experiments performed by Heritage and collabor- 
a~orS,~90.92,2~‘.236,241~ 75 ps pulses from a 1.06 pm Nd : YAG laser are spectrally broadened in a 
400 m length of single-mode, polarization-preserving optical fiber and compressed to 
durations as short as 0.8 ps by using a double-pass grating pair. (‘04) After a single pass through 
the gratings, the optical spectral components are spatially dispersed. In this region, spatially 
patterned amplitude and phase masks can be utilized to modify the pulse’s Fourier spectrum. 
For maximum spectral resolution the fiber output is imaged onto the filter plane. A second 
pass through the grating pair reassembles the frequency components into a collimated beam, 
yielding a shaped compressed pulse which is the Fourier transform of the spatial amplitude 
and phase pattern transferred onto the spectrum. 

FIG. 4. A picosecond pulse shaping setup based on spatial filtering within a fiber and grating pulse 
compressor.C24’) 
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The first application of this picosecond pulse shaping technique was spectral windowing, 
a method for enhancing the quality of compressed pulses.@‘) Several studies of fiber and 
grating pulse compression have shown that fiber group velocity dispersion (GVD) can 
linearize the chirp of self-phase-modulated pulses, resulting in efficient compression of the 
input pulse.(7g*2’g’ In the near infrared, however, GVD is small; compression of 1.06 pm 
Nd:YAG lasers is often performed under conditions of low GVD, resulting in a non-linear 
chirp and a compressed pulse with wings and sidelobes. Spectral windowing can be used to 
eliminate these undesirable wings and sidelobes. 

Spectral windowing is illustrated schematically in Fig. 5, which shows the input pulse shape 
(A), and the instantaneous frequency (B) and power spectrum (C) of the chirped pulse.‘“) For 
large frequency offsets the chirp is non-linear and cannot be effectively compressed by the 
gratings. These non-compressible frequency components can be eliminated using a spectral 
window positioned as indicated in Fig. 5B, C. The resultant wing clipping is demonstrated 
by Fig. 6A, which shows autocorrelations of windowed and unwindowed pulses.(gO) Window- 
ing results in dramatic wing reduction, with nearly zero pulse broadening. These results are 
emphasized by Fig. 6B, which shows windowed and unwindowed autocorrelations on an 
expanded scale. Suppression of the wings also lends to substantially reduced fluctuations, 
resulting in increased pulse stability. 

In addition to spectral windowing, a variety of complex picosecond waveforms have been 
generated using more general amplitude and phase mask. (g2,24’) Examples of such waveforms 
include pulse sequences,(g2) picosecond square pulses,(24” and abruptly phase-modulated ‘odd’ 
pulses. (g2) Subsequent to these picosecond pulse shaping experiments, similar waveforms were 
generated on the femtosecond time scale by using femtosecond Fourier synthesis techniques. 

I 
-. 

FIG. 5. Suppression of wings in fiber and grating pulse compression by spectral windowing. (A) 
Input pulse shape. (B) Instantaneous frequency resulting from self-phase-modulation. (C) Corre- 
sponding power spectrum. Spectral windowing eliminates frequencies with a non-linear chirp and 

thereby improves pulse quality.(W) 
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Several of these waveforms on the femtosecond time scale are presented in the next section 
(2.3). 

We note that pulse shaping can also be performed using various variations of the 
non-dispersive grating compressor of Fig. 3. As pointed out by Martinez,‘13” by moving the 
output grating shown in Fig. 3 either closer to or further from the second lens, one can obtain 
either positive or negative group velocity dispersion, respectively. Pulse shaping can still be 
performed by means of spatially patterned masks; however, one must either pre- or 
post-compensate the chirp resulting from this generalized grating compressor in order to 
obtain bandwidth-limited shaped pulses. This is similar to the pulse shaping scheme of Fig. 
4. Note that in these dispersive configurations a double-pass through the apparatus will be 
needed to avoid spatial separation of the frequency components. 

Other variations are also possible. For example, Reitze has reported shaping experiments 
in which the lenses of Fig. 3 were replaced by spherical mirrors.(‘78) By avoiding material 
dispersion associated with lenses, this scheme permits shaping of input pulses as short as 20 fs. 
One can also replace the gratings of Fig. 3 with other dispersive components, such as prisms. 
This approach has been used to perform spectral windowing of femtosecond white light 
continuum pulses. (G) Finally picosecond pulse shaping experiments using an apparatus 
similar to that shown in Fii. 4 have also been performed by Kobayashi et al. with the 
difference that the chirped input pulse incident on the grating pair is generated by using an 

-w -0.8 psec 

UNWINDOWED 

0 
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W 
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UNWINDOWED 

WINDOWED 
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FIG. 6. Pulse measurements (autocorrelations) with and without spectral windowing. Spectral 
windowing results in a dramatic reduction in the wings of the compressed pulse. (A) Full scale. 

(B) Expanded scale.(236’ 
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electro-optic phase modulator within a Fabry-Perot cavity. (“‘) This work is described further 
in Section 3.2.3. 

2.3. Fourier synthesis of femtosecond optical waveforms 

The most dramatic examples of ultrafast pulse shaping have been obtained in experiments 
with femtosecond pulses due to the wide bandwidth available for spectral filtering. These 
experiments were performed using by spatial filtering within a ‘zero-dispersion pulse 
compressor’ as sketched in Fig. 3. In this section we discuss a number of experiments which 
illustrate the power of femtosecond pulse shaping techniques.‘2-76.‘3R~z’9.242,245) 

We first reconsider spectral windowing, in which an amplitude mask consisting of a variable 
slit is used in order to limit the optical bandwidth. As one example, a slit was used to produce 
a rectangular frequency spectrum with a bandwidth of 1.5 nm.(238) The input pulse in this case, 
as well as in each of the following examples, was a 75 fs pulse from a CPM dye laser. The 
resulting pulse shape is the well known sine function given by 

(5) 

where Af is the bandwidth. The intensity profile of the windowed pulse, measured by 
cross-correlation, is shown in Fig. 7(A and B) on a linear and a semilog scale, respectively.‘23x’ 
The series of sidelobes characteristic of the sine-function are clearly evident in the data, 
particularly in the semilog plot which shows that the correct pulse shape is maintained over 
several orders of magnitude. In addition, the measured duration pulse duration (790 fs 
full-width at half-maximum (FWHM)), time-bandwidth product (AfAt = 0.92), and time 
interval between minima (849 fs) are all in good agreement with the predicted values. In this 
simple example, in which the pulse shaping setup resembles a monochromator, the slit selects 
a narrow portion of the optical bandwidth and therefore broadens the pulse duration. A 
similar setup, in which as slit is placed in the middle of a four-prism sequence, has also been 

l.O- 
(A) 

r, 
-5 -2.5 0 2.5 5 

TIME (psec) 

FIG. 7. Intensity cross-correlation measurement of a sine-function pulse corresponding to a 
rectangular frequency spectrum. (A) Linear plot. (B) Log plot.“‘” 
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used as variable filter within femtosecond laser cavities and as a tunable filter to select spectral 
regions within a femtosecond white-light continuum.‘66’ 

In general, measurements of shaped femtosecond waveforms are performed by means of 
the intensity cross-correlation technique, in which short pulses directly out of the femtosecond 
laser are used as reference pulses to sample the longer shaped pulses via second harmonic 
generation. The measurement is performed much in the same way that a sampling 
oscilloscope is used to measure very rapid, repetitive electrical signals. The cross-correlation 
measurement yields the intensity profile of the shaped waveform, with some minor broaden- 
ing due to the convolution with the 75 fs reference pulse. For a more complete discussion on 
correlation measurements of ultrashort pulses, the reader can refer to Ref. (99). 

A second, simple example of pulse shaping employs an amplitude mask that consists of 
two slits. This allows selection of two isolated spectral components, which interfere in time 
to produce a high-frequency tone burst. A cross-correlation measurement of such a 
femtosecond tone burst is plotted in Fig. 8A for a frequency separation of 3.37 nm 
(2.7 THz).(*~~*~~~) The data show approximately 20 distinct temporal peaks; thus a very simple 
mask operating in the frequency domain can result in rather considerable complexity in the 
time domain. This experiment can be interpreted as a temporal analog of Young’s two-slit 
interference experiment, where now the interference takes place in the time domain. 

A simple example demonstrating simultaneous phase and amplitude filtering can be 
performed by introducing a phase mask which phase shifts one of the spectral components 
selected by the two slit mask by rc radians. In this case there are still two isolated frequency 
components; therefore, a high-frequency tone burst is still obtained, as shown in Fig. 8B.‘236,238) 
The effect of the z phase shift is to interchange the positions of the peaks and nulls. Thus, 
the phase of the temporal beat note can be controlled through the relative phase of the two 
selected spectral components. 

So far we have not yet described pulse shaping masks of any complexity nor have we 
discussed how such masks can be implemented. In the following sections we discuss several 

-2.5 0 2.5 5.0 
TIME (psec) 

FIG. 8. Generation of THz-rate tone bursts using a two-slit amplitude mask. (A) The optical 
frequencies are in phase. (B) The optical frequencies are n out of phase; as a result the positions 

of the peaks and nulls in the time domain are interchanged.‘2381 
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alternative approaches for realizing the spatially patterned pulse shaping masks. In particular, 
the following possibilities are discussed: 

l Fixed phase and amplitude masks fabricated by using microlithographic patterning 
techniques. 

l Spatial light modulators (SLMs) for programmable pulse shaping. 
l Movable and deformable mirrors for special purpose pulse shaping tasks. 
l Holographic masks which can be generated under optical control. 
l Amplifying media within the pulse shaping apparatus. 

2.3.1. Fixed masks fabricated using microlithography. The first work on femtosecond 
waveform synthesis by spatial filtering within a grating and lens pulse shaper utilized fixed 
amplitude and phase masks produced using microlithography.(238’ The use of microlitho- 
graphic patterning techniques, which are highly developed for electronic integrated circuit 
fabrication, makes possible powerful control of the spatial features of optical pulse shaping 
masks. The resultant pulse shaping masks can be highly precise and offer spectral control over 
a large dynamic range. Microlithographically fabricated masks have been used to generate 
specially shaped pulses for a variety of experiments in ultrafast non-linear optics, including 
studies of dark soliton propagation in fibers,C237) all-optical switching,‘253) and multiple-pulse 
excitation of coherent optical phonons@4p’ and charge oscillations in semiconductor het- 
erostructures;(*” several of these experiments are discussed in Section 5. The chief limitations 
of prefabricated pulse shaping masks is the inability to reprogram pulse shapes in real time 
and the difficulty in achieving gray-level phase control. 

In order to illustrate the use of microlithography to fabricate pulse shaping masks, it is 
instructive to consider the task of generating an ultrafast square optical pulse.(238’ The 
spectrum of a square pulse of duration T is shaped as a sine function, given by 

E(f)=EoT 
sin(7cfl) 

nfr 

The corresponding mask is specified by 

M(x) = 
sin(ax/x,) 

OX/& 

where M(x) is the masking function, x, = (Tdflax)-‘, and af/ax is the spatial dispersion at 
the masking plane. In order to implement the desired filtering function, both a phase and an 
amplitude mask are needed. The phase mask is used to impart the required alternating sign 
to the filter. The transmission function of the amplitude mask varies continuously with 
position. Furthermore, due to the combination of fast and slow temporal features ( -=c 100 fs 
rise and fall times, pulse duration in the picosecond range), the amplitude mask must be 
capable of producing a series of sidelobes over a large dynamic range. 

Figure 9 shows photographs of a phase and amplitude mask used for square pulse 
generation. (238) Both masks are fabricated on fused silica substrates, and the two masks are 
placed back to back at the masking plane of the pulse shaper. Phase masks are fabricated 
by using reactive ion etching to produce a relief pattern on the surface of the fused silica. 
In order to obtain a n phase shift for an optical wavelength of 0.62pm, the required etch 
depth is -0.68 pm. Amplitude masks consist of opaque titanium-gold films deposited onto 
a fused silica substrate. In order to produce a variable-transmission amplitude mask, as 
required for square pulse generation, a series of opaque metal lines are formed, with 
linewidths and spacings that are varied in order to obtain the desired transmission.(24” If the 
spot size of a single frequency component at the mask is larger than the widths and spacings 
of the metal lines, then the metal lines act as a diffraction grating; light is diffracted out of 
the main beam into a number of diffracted orders. The amplitude of the field that is 
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t--400pm 

AMPLITUDE MASK 

PHASE MASK 
FIG. 9. Transmission photographs of microlithographically fabricated phase and amplitude masks 

used for femtosecond square pulse generation.(2’8) 

transmitted through the mask and remains in the main (zero-order) undiffracted beam is 

proportional to the fraction of transparent area. The transmitted intensity in the main beam 
is proportional to the square of this fraction. This approach to forming a variable 
transmission amplitude mask is related to some of the diffractive structures utilized for spatial 

manipulation of laser beams via computer generated holography. In the transmission 
photograph shown in Fig. 9, the bright parts of the photo are the transparent regions; the 
metal regions are dark. The sine-function is truncated after five sidelobes on each side of the 

central lobe; the width x, of each sidelobe is 200 ,um, corresponding to 526 GHz for the spatial 
dispersion of the pulse shaper used in the experiments. 

Figure 10 (238) shows a semilog plot of a power spectrum produced using phase and 
amplitude masks of the type shown in Fig. 9. The data shown in Fig. 10 correspond to a mask 
containing 15 sidelobes on either side of the central peak. A dynamic range approaching 
104: 1, as well as excellent signal-to-noise ratio, are evident from the power spectrum. The 

dotted line, which is an actual sine function, is in good agreement with the data, although 
the zeroes in the data are washed out due to the finite spectral resolution 
of the monochromator used for the measurements. On the basis of the detailed control 
and high dynamic range apparent in the spectrum, one anticipates excellent pulse shaping 
fidelity. 

Figure 1 IA (23R) shows an intensity cross-correlation measurement of a 2 ps square pulse 
produced by using the masks shown in Fig. 9. The rise and fall times of the square pulse are 
found to be on the order of 100 fs. The ripple present on the square pulse arises because of 
the truncation of the spectrum after five sidelobes and is in good qualitative agreement 
with the theoretical intensity profile (Fig. 1lB). tz3*) Square pulses with reduced ripple have also 
been obtained, by avoiding truncation of the spectrum and instead using a more gentle 
spectral apodization. An experimental example of such a ‘smooth’ square pulse is plotted in 
Fig. 1 1C.(‘53) 
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FIG. 10. Semilog plot of a sine-function spectrum produced using phase and amplitude masks 
suitable for square pulse generation.C23R) 

In addition to pulse shaping using phase and amplitude masking, in a number of cases, 
interesting femtosecond waveforms can be achieved using phase masking alone. This has the 
advantage that the loss of energy associated with amplitude masking is avoided. Phase-only 
filtering is discussed in detail in Section 2.5. 

2.3.2. Spatial light modulators (SLMs) for programmable pulse shaping. Prefabricated 
masks, although suitable for very precise pulse shaping control, must be designed and 
carefully fabricated before any experiments can be performed. In order to obtain real-time 
pulse shaping control, programmable phase and amplitude masks are needed. This can be 
achieved by using various types of spatial light modulators (SLMs), which in essence 
constitute programmable masks in which the phase or amplitude at different spatial locations 
on the device can be separately adjusted under electronic or optical control. Spatial light 
modulators have seen extensive application in optical signal processing and optical data 
storage systems based on manipulation of two-dimensional spatial signals. The application 
of these technologies to ultrafast pulse shaping makes possible rapid control of the optical 
waveform, which in the future will allow feedback systems to optimize the pulse shape in 
response to specific experimental objectives. 

Various types of spatial light modulators are possible. Pulse shaping has been performed 
most extensively using liquid crystal spatial light modulators,~228~2”~245~ and recently the use of 
acousto-optic deflectors for programmable pulse shaping has also been reported.‘96’ Other 
technologies, such as modulator arrays based on III-V semiconductor devices, should also 
be applicable to programmable pulse shaping but have not yet been used for this purpose. 
Key parameters relevant to programmable pulse shaping systems include the number of 
individual modulator elements, the reprogramming time, and type of control (intensity or 
phase, gray-level or binary). 

2.3.2.1. Pulse shaping using liquid crystal modulator arrays 

An apparatus for programmable pulse shaping using a liquid crystal phase modulator 
array, depicted in Fig. 12, (24s) is similar to the setup used for pulse shaping using fixed, 
prefabricated phase and amplitude masks. The main difference is that the fixed masks are 
replaced by a liquid crystal modulator array, and a pair of half-wave plates are used to rotate 
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FIG. Il. (A) Intensity cross-correlation measurement of 2 ps square pulse corresponding to the 
masks in Fig. 9. (B) Theoretical intensity profile. (C) Square pulse with reduced overshoot obtained 

by using a more gentle spectral apodization.u38~253) 

POIARIZATION t @ 

LIQUID CRYSTAL 

t 
POLARIZATION 

GRATING PHASE MODULATOR GRATING 

FIG. 12. Programmable pulse shaping apparatus using a liquid crystal phase modulator array.‘245) 
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the polarization in order to match that required by the modulator array. Experiments were 
performed with two generations of modulator arrays, consisting of 32(244) and 12804’) 
modulator elements, respectively. The input for the pulse shaping experiments consisted of 
75 fs pulses from a CPM ring dye laser, as in the previous section. Compared to fixed masks, 
the liquid crystal modulator array allows continuously variable phase control of each separate 
pixel (whereas the fixed masks provided only binary phase control), and allows electronically 
programmable control of the pulse shape on a millisecond time scale. 

A schematic of a ‘home-made’ 128-element modulator array originally used for pulse 
shaping experiments is shown in Fig. 13. (245) A thin layer of a nematic liquid crystal is 
sandwiched between two pieces of glass. The nematic liquid crystal consists of long, thin, 
rod-like molecules, which in the absence of an electric field are aligned with their long axes 
along the y direction (see Fig. 13). When an electric field is applied (in the z direction), the 
liquid crystal molecules tilt along z, causing a refractive index change for y-polarized light. 
A maximum phase change of at least 2n is required for complete phase control. In order to 
apply the required electric field, the inside surface of each piece of glass is coated with a thin, 
transparent, electrically conducting film of indium tin oxide (ITO). One piece is patterned into 
128 separate electrodes (or pixels) with the corresponding fan-out for electrical connections. 
The pixel spacing is 40 pm center to center with 2.5 pm gaps between pixels. The modulator 
array is controlled by a special drive circuit which generates 128 separate, variable amplitude 
signals to achieve independent, gray-level phase control of all 128 modulator elements. Input 
data for the drive circuit is loaded into local memory from a personal computer, thus 
facilitating the generation of complex phase patterns. 

Note that the small dimension of the gaps between pixels is key for proper pulse shaping 
operation. For large gap regions, the phase in these regions is controlled only by the fringing 
fields from neighboring electrodes. The discontinuities and lack of control associated with 
large gaps can degrade shaped output pulses. The home-made modulator array described 
above with only 2.5 pm gaps was specially fabricated in order to avoid such problems. The 
first liquid crystal spatial light modulators available commercially for pulse shaping had 
relatively large gaps and hence were not ideally suited for pulse shaping control. Commercial 
modulator arrays with suitably small gaps have recently become available. 

Figure 14 shows an example of real-time pulse shaping data measured using the 32-element 
liquid crystal phase modulator array. (244) In the experiment half of the pixels were connected 
to a constant amplitude drive signal at 1.9 V, while the other half were switched at a 20 Hz 
rate between drive levels of 1.9 and 5.0 V. With all the pixels at 1.9 V, the phases are all the 
same, and the output is a single pulse similar to the input pulse. On the other hand, when 
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FIG. 13. Schematic diagram of a 128-element liquid crystal phase modulator array.‘24s’ 
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FIG. 14. Real-time pulse shaping data using a 32-element liquid crystal modulator array.(2M) 

half of the pixels are at 5.0 V, light passing through those pixels experiences a relative phase 
shift of X. With the particular set of connections chosen in this experiment, this results in a 
pulse doublet. The pulse intensity profiles (top trace) shown in Fig. 14 were obtained by using 
a real-time cross-correlation setup, which was driven in synchronism with the time-varying 
drive signal (bottom trace). The data demonstrate complete switching from a single pulse to 
a pulse doublet within 25 ms. 

The multielement phase modulators can also be used for gray-level phase control, a 
capability not available using prefabricated phase masks. This requires a careful phase vs 
voltage calibration, which was accomplished by using the array as an amplitude modulator 
for a continuous-wave He-Ne laser. (245) The HeNe laser was linearly polarized, with its 
polarization rotated 45” relative to the alignment direction of the liquid crystal, and focused 
onto a single pixel of the multielement modulator. The phase calibration was obtained 
by measuring the transmission through a subsequent crossed polarizer and using the 
relation 

(8) 

where T(V) is the fractional transmission through the crossed polarizer, and V is the applied 
voltage. Here 4, corresponds to light polarized along the short axis of the liquid crystal 
molecules and is independent of the applied voltage. d,(V) corresponds to the voltage-depen- 
dent phase placed onto the optical spectrum when the modulator is positioned within the 
pulse shaper. Several calibration curves were measured at different points along the array. 
The results showed good uniformity, as required for high quality pulse shaping. 

Gray-level phase control can be used to accomplish a number of interesting pulse shaping 
tasks. As examples, the modulator array has been used to impart linear,(2”,24’) quadratic,‘244,245) 
and cubic(245) phase sweeps onto the optical frequency spectrum. These phase sweeps 
correspond in the time domain, respectively, to pulse position modulation, to programmable 
chirping and pulse compression, and to a complex pulse distortion. Collectively these 
examples demonstrate the ability to impress nearly arbitrary phase modulations onto the 
frequency spectrum. 
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Pulse position modulation relies on the fact that iff(r ) and F(w) are a Fourier transform 
pair, then the delayed signal f(t - r) is the Fourier transform of F(o)exp( - ior). Thus, a 
pulse can be retarded (or advanced) by imposing a linear phase sweep onto its spectrum. The 
delay r is given by the relation 

r = -&i5/2nSf (9) 

where S$ and Sf are, respectively, the imposed phase change per pixel and the change in 
optical frequency from one pixel to the next. For the experiments with the 128 element 
modulator, Sf is approximately 0.092 THz, and therefore r = - 10.87 (6&/27c) ps. The 
modulator is set to provide the required phase sweep modulo 2x, so that for each pixel the 
phase is in the range 0 to 2x. 

Figure 15 shows cross-correlation measurements of temporally shifted pulses achieved by 
means of pulse position modulation. (245) Data are shown for a phase change per pixel (64) 
of 0 and +x/4. The output pulses occur at 0 and f 1.38 ps, in close agreement with Eqn. 
(9). These data demonstrate the ability to shift the pulse position by many pulse widths by 
using spectral phase manipulation. 

The temporal range over which pulse position modulation may be achieved is limited by 
the requirement that the actual spectral phase modulation approximate a smooth, linear 
phase sweep, despite the fixed, finite size of the individual modulator elements. Essentially 
this is a sampling limitation: the phase must vary sufficiently slowly that it is adequately 
sampled by the fixed modulator elements, i.e. we require 164 1<<7t. From Eqn. (9), then, we 
find Ir 1 c 1/26x Therefore, for the experiments described here, Iz I<< 5.4 ps. 

Gray-level phase control can also be used to achieve programmable compression of chirped 
optical pulses. In the spectral domain, linearly chirped optical pulses exhibit a phase response 
that varies quadratically with frequency. By use of the multielement modulator to compensate 
for the quadratic phase shift, linearly chirped pulses can be compressed down to the 
bandwidth limit. Compression of linearly chirped pulses is most commonly achieved, of 
course, by using a pair of diffraction gratings. (‘37*220) Programmable compression, by using a 
multielement phase modulator within a pulse shaping apparatus, makes it possible to adjust 
the magnitude and the sign of the phase sweep electronically, without moving parts. 
Furthermore, the multielement modulator can also be programmed to compensate for cubic, 
higher order, and arbitrary spectral phase variations. Cubic phase variations, for example, 
arise in pulse compression below 10 fs(*” and in ultrashort pulse propagation in fibers at the 
so-called zero-dispersion wavelength.(z’OJ 

In order to demonstrate programmable pulse compression, one of the gratings in the pulse 
shaper was moved with respect to the lens pair. This introduces temporal dispersion, which 
results in a chirped and broadened output pulse. By using the phase modulator to compensate 

Time (psec) 

FIG. 15. Cross-correlation measurements of temporally shifted pulses achieved by means of pulse 
position modulation. Data are shown for a phases change per pixel (&#I) of 0 and *z/4.(245) 
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for the dispersion, the output pulse is restored to its original duration. An example of the 
data is shown in Fig. 16. (24s) A cross-correlation measurement of the original pulse, which has 
a duration of 83 fs, is plotted in Fig. 16a. A chirped waveform obtained when the grating 
is moved closer to the lens pair (Fig. 16b) is broadened to roughly 3 ps with a rather flat top. 
Figure 16c shows the compressed pulse which results when the multielement modulator is set 
for the optimal quadratic phase sweep. The pulse is compressed back to a duration of 89 fs, 
with no observable pulse distortion-a compression ratio approaching 40 x . These data 
demonstrate the ability to perform programmable pulse compression with extremely high 
fidelity. 

In addition to pure phase modulation, programmable pulse shaping using liquid crystal 
spatial light modulators can be extended to include simultaneous phase and amplitude 
modulation in order to allow computer controlled generation of any desired pulse shape.c”) 
This has been accomplished by using two independent modulator arrays, one for spectral 
phase control and the other for spectral amplitude control. (*‘*) The modified pulse shaping 
setup is sketched in Fig. 17. The two gratings now enclose two unit magnification telescopes, 
each with a modulator array at the internal focal plane. A series of polarizers and half-wave 
plates are used to configure the individual modulator arrays for phase or amplitude 
modulation as desired. Additionally, combined phase and amplitude control was recently 
reported using a pair of liquid crystal modulator arrays cemented together as a single unit.(229) 
In this setup only a single lens pair is required, and the need to precisely align two spatially 
separated modulator arrays is avoided. Note that during operation of a liquid crystal 
amplitude modulator, the phase of the transmitted light is also affected. Therefore, in order 
to obtain independent phase and amplitude control, the programming of the phase modulator 
array must take into account and compensate for the undesired phase modulation imposed 
by the amplitude modulator array. 

Finally, liquid crystal modulator arrays have been used in conjunction with chirped pulse 
amplifiers to generate programmably shaped high power pulses. The first experiments 
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FIG. 16. Programmable compression of chirped optical pulses using a 128-element liquid crystal 
phase modulator. (a) Original 83 fs pulse. (b) Chirped waveform broadened to -3 ps by moving 
one of the gratings closer to the lens pair. (c) Pulse recompressed to 89 fs by setting the multielement 

modulator for the optimal quadratic phase sweep.‘245’ 
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FIG. 17. Modified programmable pulse shaping setup containing two liquid crystal modulator 
arrays-one for amplitude and one for phase.‘**‘) 

combining pulse shaping and amplification were reported by Weiner and coworkers, who 
used fixed phase and amplitude masks and a copper vapor laser pumped dye amplifier 
to produce specially shaped pulses at the microjoule energy level for non-linear fiber 
optics experiments. (237,253) More recently, liquid crystal arrays were used together with a 
Ti:sapphire regenerative chirped pulse amplifier with the aim of producing programmable 
shaped pulses at the millijoule level. (“O) Pulse shaping was performed by incorporating liquid 
crystal arrays into the pulse stretcher forming the first part of the chirped pulse amplifier. 
Applications of millijoule level shaped pulses include high-field laser-matter interactions 
and coherent control of chemical processes (see Sections 5.5 and 5.6), as well as compensation 
of phase aberrations limiting the pulse duration in chirped pulse amplifier systems (see 
Section 5.3). 

2.3.2.2. Pulse shaping using acousto-optic dejlectors 

The use of an acousto-optic deflector rather than a liquid crystal array for programmable 
pulse shaping has recently been reported, and experiments demonstrating femtosecond pulse 
shaping with CPM as well as Ti: sapphire lasers have been performed.(96) The operation is as 
follows. An electrical signal drives a transducer at one end of the acousto-optic cell, which 
converts the electrical signal into an acoustic (sound) wave. The acoustic wave travels through 
the device, and light passing transversely through the medium is diffracted by the resultant 
acoustic pattern. The details of the acoustic pattern, which functions as the pulse shaping 
mask, are controlled by means of the electrical signal used to drive the transducer. The basic 
pulse shaping principle, parallel modulation of spatially dispersed optical frequency com- 
ponents, remains unchanged. 

Acousto-optic cells may have some significant advantages for use with femtosecond 
amplifiers, although they are not generally applicable for pulse shaping with CW modelocked 
systems. Key advantages and disadvantages are as follows: 

l Acousto-optic deflector technology should allow greater complexity in the shaped femtosec- 
ond waveform. Deflectors with space-bandwidth products up to several thousand are 
commercially available; one-dimensional liquid crystal arrays with a comparable number 
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of independent elements and with a physical size compatible with pulse shaping setups are 
not likely to be available. On the other hand, pulse shaping complexity is limited not only 
by the SLM but also by the spectral resolution of the setupsee Section 2.4. Thus, the 
advantage in pulse shaping complexity offered by the A0 may be less dramatic than that 
suggested by its advantage in time-bandwidth product. 

l Acousto-optic deflectors should offer faster reprogramming times in the tens of micro- 
seconds range and below, compared to millisecond reprogramming times for nematic liquid 
crystals. 

l A single acousto-optic deflector should be capable of independent control of spectral 
amplitude and phase, whereas two LC modulators are required for simultaneous amplitude 
and phase control. Here the deflector gains its advantage because the patterned mask is 
actually an acoustic wave, which can carry both phase (or frequency) and amplitude 
modulation. 

l Since the acousto-optic deflector is driven serially, only a single electrical cable is required, 
independent of the required space-bandwidth product. In contrast, for LC arrays the 
number of wires connected to the device is equal to the number of pixels. Therefore, the 
deflector should offer reduced packaging and drive electronics complexity, especially when 
large complexity is required. 

l All the components needed to implement A0 pulse shaping are commercially available and 
mature; modulator arrays required for the LC scheme though commercially available are 
still relatively immature. 

Disadvantages 

l Because the deflector is a traveling wave device, the acoustic pattern does not remain fixed 
in space and time. Therefore, the desired acoustic pattern is first loaded electrically and then 
must be strobed (read out) at the proper delay by the ultrashort pulse in the pulse shaper. 
This means that the femtosecond laser source and the deflector drive signal must be properly 
synchronized and that the laser repetition rate must not exceed the aperture time (i.e. the 
time delay) of the acousto-optic cell. Thus, the A0 pulse shaping approach should be well 
matched to femtosecond amplifier systems at a few hundred kilohertz and below but is not 
appropriate for high repetition rate (e.g. 100 MHz) pulse trains typical of modelocked 
femtosecond laser oscillators. 

l The diffraction efficiency from a deflector may not be very high (-40%). However, this 
is not a serious disadvantage if the pulse shaper is followed by a femtosecond amplifier, 
because the energy lost can be restored by the amplifier. 

2.3.3. Movable and deformable mirrors for special purpose pulse shaping. The use of spatial 
light modulators as programmable masks makes possible arbitrary shaping of ultrashort 
pulses, as discussed in the previous section. Note, however, that several of the experimental 
examples which were discussed involved simple forms of pure phase modulation. In 
particular, phase shifts which were linear, quadratic, and cubic with frequency were utilized, 
resulting respectively in pulse position modulation, chirp compensation, and a complex pulse 
distortion. These simple types of pure spectral phase modulation can also be produced using 
special purpose reflective optics, which are moved or deformed in order to assume the specific 
shape needed to obtain the desired phase modulation. An advantage of such special purpose 
movable/deformable mirrors is the ability to provide a prespecified type of phase modulation 
with very good precision; a disadvantage is that the arbitrary programmability available using 
spatial light modulators is sacrificed. 

We consider as a first example the use of a movable mirror, which makes possible a rapid 
scanning optical delay line. The pulse shaping arrangement, shown in Fig. 18, consists of a 
grating placed in the focal plane of a lens and a planar mirror in the opposite focal plane.“*@ 
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FIG. 18. Pulse shaping using a movable mirror as the pulse shaping mask, resulting in rapid 
scanning optical delay line. Tilting the mirror produces a linear spectral phase shift which yields 

a time delay proportional to the tilt.(‘26) 

The mirror can be dithered about the pivot point under the influence of a piezoactuator and 
return springs (not shown). When the tilt angle of the mirror is zero, the setup is equivalent 
to the pulse shaper of Fig. 3 (without any spatial filters), since Fig. 3 is symmetric about the 
filter plane in which the mirror is placed. When the mirror is tilted, a linear spectral phase 
shift is obtained, and this results in advance or retardation of the output optical pulse. The 
result is similar to the pulse position modulation achieved when a liquid crystal spatial light 
modulator is used to impart a linear phase shift onto the spectrum. Note that the spectral 
phase due to the movable mirror is a continuous linear function of frequency, in contrast to 
the case of the multielement modulator, for which the desired phase function was obtained 
modulo 27~ 

Heritage et al. have implemented a rapid scanning optical delay line by rapidly dithering 
the mirror through a small angular deflection and have used this setup to obtain femtosecond 
intensity correlation measurements at a 400 Hz rate. uz6) This rate is much faster than possible 
using typical mechanical delay lines, in which the scan rate (and therefore the data acquisition 
rate) is limited to a few tens of Hz. For the setup described in Ref. (126), a 1 ps temporal 
delay is achieved with an angular deflection of only 1.9 x 10m4 rad; this corresponds to a total 
travel of only 4 pm at the edge of the mirror. In contrast, a standard linear actuator requires 
a displacement of 150 ,um to achieve the same 1 ps delay. 

As a second example, quadratic spectral phase modulation can be achieved by placing a 
spherical mirror at the filter plane of a pulse shaping arrangement. Ema et al. have 
demonstrated this concept by compressing linearly chirped pulses which were spectrally 
broadened due to self-phase modulation in a single mode optical fiber.(59’ For these 
experiments the pulse shaper consisted of a monochromator in which the output slit was 
replaced by a spherical mirror. The mirror caused a double-pass through the monochromator 
so that the system was equivalent to the standard pulse shaper depicted in Fig. 3. The amount 
of quadratic spectral phase modulation was controlled by choosing the radius of curvature 
of the spherical mirror. In this way Ema et af. demonstrated compression of a chirped 18 ps 
pulse to a duration of 1.7 ps, which was close to the transform limit. In these experiments 
the pulse shaping setup with a spherical mirror takes the place of the standard Treaty grating 
pair commonly used in fiber and grating pulse compression experiments. 

The use of a true deformable mirror within a grating and lens pulse shaper makes possible 
cubic spectral phase modulation. (89) A thin planar mirror is placed in the filter plane of the 
pulse shaper. A cubic deflection is obtained by fixing the position of the mirror at two 
symmetrically placed support points and then applying equal and opposite forces on the two 
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ends of the mirror. The desired cubic deflection is the solution of the mechanical equations 
governing small angle flexure of a thin elastic plate. The cubic deflection in space results in 
a cubic spectral phase modulation, with a magnitude which can be adjusted by varying the 
strength of the applied forces. 

Figure 19 shows experimental and calculated intensity cross-correlation measurements of 
a 100 fs pulse which has been reshaped by cubic spectral phase modulation.@9) The details of 
the distortion evident in the figure can be understood by recalling that a cubic spectral phase 
variation gives rise to a time delay which is a quadratic function of frequency. Frequency 
components equally spaced above and below the line center arrive at the same time delay, 
and these frequency pairs interfere to form the oscillating tail observed in the time domain 
intensity profile. Since the magnitude of the third-order phase variation is adjustable, this 
device may be important for several experimental applications where third-order dispersion 
is important, including fiber and grating pulse compression, intracavity dispersion compen- 
sation for modelocked solid-state lasers, and stretchers and compressors for chirped pulse 
amplification. Indeed, the use of this third-order disperser to improve the quality of pulses 
from a high-power femtosecond semiconductor laser has already been reported.(53) 

2.3.4. Holographic masks. Synthesis of ultrafast laser waveforms can be accomplished 
under optical control by using holographic pulse shaping masks. That holograms of spatially 
patterned, monochromatic laser beams can be used as pulse shaping masks within a pulse 
shaping apparatus was first proposed by Mazurenko”4’,‘42’ in the context of spectral 
holography (for a discussion of spectral holography see Section 4). Subsequently, this 
approach was demonstrated by Ema and Shimizu in experiments performed on the 
picosecond time scale. C58~6’) One begins by preparing a transparency with a spatial pattern 
which is equal to a scaled version of the desired temporal pattern. A Fourier transform 
hologram of the transparency is recorded by using a cw laser and then placed into the pulse 
shaping apparatus. The spectrum of the diffracted readout pulse is modulated according to 
the Fourier transform of the spatial pattern on the transparency. As a result, the temporal 
waveform of the pulse emerging from the shaper is a scaled version of the original spatial 
pattern on the transparency. 

Examples of pulse shaping results are shown in Fig. 20. W) In these experiments Fourier 
transform phase holograms were recorded on a photoplate by using a cw argon ion laser and 
then used to shape 5 ps input pulses. The temporal intensity profile (corresponding to a four 
pulse sequence with varying amplitudes) clearly resembles the spatial mask pattern, which is 
also shown. As demonstrated in further experiments, pulse shaping can also be performed 
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FIG. 19. Experimental (a) and calculated (b) intensity cross-correlation measurements of a 100 fs 
pulse which has been reshaped by cubic spectral phase modulation. The cubic phase variation was 

produced by using a deformable mirror.@9) 
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D 

FIG. 20. An example of pulse shaping using a hologram as the pulse shaping mask. I!&‘: Input 
spatial pattern. Right: Pulse sequence obtained when the pulse shaping mask is a Fourier transform 

hologram of the input pattern.“” 

by replacing the photoplate with a BSO photorefractive crystal.‘58’ In this case the 
hologram can be written in real time (with an estimated 1 ms response time) and in situ within 
the pulse shaper. 

An alternative approach to recording holographic pulse shaping masks is related to 
multiple exposure recording of ultrashort pulse waveforms via spectral holography (see 
Section 4). This approach was used by Weiner et al. to form holographic pulse shaping masks 
for generating simple pulse sequences.(246) 

2.3.5. Ampl$cation of spectrally dispersed broadband laser pulses. Danailov and Christov 
have introduced the idea of placing an amplifying medium within a zero-dispersion pulse 
compressor (i.e. within a pulse shaping apparatus) so that the optical frequency components 
are spatially dispersed at the amplifying medium. (38.39,5’) The main point of this scheme is 
that non-linear interactions between different frequencies due to gain saturation are re- 
duced; consequently, the amplifier can look like an inhomogeneously broadened system even 
though it is constructed from a homogeneously broadened material. As a result the problem 
of gain narrowing can be avoided, and ‘active’ pulse shaping may become possible. These 
ideas were confirmed first in experiments using broadband incoherent light from a nanosec- 
ond dye laser and later using femtosecond pulses from a CPM laser. Similar spatially 
dispersed amplifier schemes have been proposed(40,49,s2’ and tested(49,52.‘46’ for use within a laser 
cavity. 

2.4. Theoretical considerations 

After the extensive practical description of femtosecond Fourier synthesis techniques 
above, we now provide a brief theoretical treatment. Our discussion focuses in particular on 
the mathematical relationship between the pulse shaping mask and the actual resulting filtered 
spectrum and shaped pulse. Our treatment follows Thurston et al.,‘*“’ who analyzed 
picosecond pulse shaping within a fiber and grating pulse compressor. The discussion below 
is adapted for the case of femtosecond pulse shaping within a non-dispersive grating 
compressor. A related analysis of pulse shaping within a non-dispersive compressor has been 
published by Danailov et a1.(5o) 

Consider the pulse shaping setup sketched in Fig. 3. The input pulse e,,(x, t ) in space and 
time may be written as follows: 

1 
ei, (x, t ) = 271 

s 
do Ei” (a)e r2iic?“erwr. 

Here, E,,(w) is the input spectral amplitude, and an input Gaussian beam with radius win is 
assumed. The variable x represents the transverse coordinate in the plane of the paper; the 
other transverse dimension is dropped for convenience. The individual optical frequencies are 
angularly dispersed by the first grating; the lens converts this angular dispersion into a spatial 
dispersion at the masking plane. Additionally, the lens focuses each input Gaussian beam to 
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a small spot. The spatially dispersed beam E,,_ (x, w) immediately prior to the mask can be 

represented in the Fourier domain by the following expression’50~‘36~2’7) 

(11) 

where c( represents the spatial dispersion at the masking plane and w, is the focused Gaussian 
beam radius. Formulae for t( and in, are as follows: 

2 ff 
a = 2ncd cos(8,) 

(124 

COS(4” ) .fi 
‘Vv, c-1. WKI) XW,” 

(12b) 

Here c is the speed of light, d is the grating period, I is the wavelength, Sis the lens focal 

length, and 8,” and 8, are the input and diffracted angles from the first grating, respectively. 
Finally, the field immediately after the mask is given by 

E,+(x, w) - E,,(o)e-” -aa’)Ziw~M(~), 

where M(x) is the complex transmission of the spatially patterned mask. 

(13) 

Note that Eqn. (13) is a function of both space (x) and frequency (0). This occurs because 

the spatial profiles of the focused spectral components can be altered by the mask; e.g. some 
spectral components may impinge on abrupt amplitude or phase steps on the mask, while 
others may not. This leads to different amounts of diffraction for different spectral 

components and results in an output field which may be a complicated function of space and 

time. The analysis by Danailov (50) treats this diffraction problem in order to arrive at a full 
time-space expression for the shaped field. A recent paper by Wefers et al. further elucidates 

the time-space behavior of the shaped field.‘2”0’ 
On the other hand, one is usually interested in generating a spatially uniform output beam 

with a single prescribed temporal profile. In order to convert Eqn. (13) into a function of 

frequency (or time) only, one must make some further assumptions. This is the approach 
taken by Thurston et a1.,(2’7) who adopted the following procedure for relating M(x) to an 

effective frequency filter function (H (0)). First, one expands the masked field Em+ (x, w) in 
Hermite-Gaussian modes. The higher modes diffract to larger angles and, to a good 
approximation, are lost because of spatial filtering in the experimental setup. The spatial 
filtering can be conveniently performed simply by placing an iris after the pulse shaping setup 
or may occur due to clipping within the pulse shaper itself. In applications where shaped 
pulses are used for fiber communications, mode-matching into the fiber will automatically 
perform a spatial filtering operation. Therefore, one can take the filter function H(o) to be 
approximately the coefficient of the lowest Hermite-Gaussian mode in the expansion of 

E,,,+ (x. 0). 
By following this procedure, we arrive at an expression for the frequency filter H (co): 

The output spectrum, which in this approximation is independent of the spatial coordinate 
(except for an overall multiplicative factor), is obtained from Eout(o) = H (co) Ei,(m), as in 
Eqn. (2). Equation (14) shows that the effective filter in the frequency domain is the mask 
weighting in x-space, convolved with the intensity profile of the beam. The main effect of this 
convolution is to limit the full-width at half-maximum (FWHM) spectral resolution 6w of 
the pulse shaper to 60 z (In 2)“*w,/rl. Physical features on the mask smaller than w w, are 
smeared out by the convolution, and this limits the finest features which can be transferred 
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onto the filtered spectrum. Conversely, in the limit ~1, --+ 0, the apparatus provides perfect 
spectral resolution, and the effective filter is just a scaled version of the mask. 

The effect of finite spectral resolution in the time domain can be understood by referring 
to Eqn. (I), which says that the output pulse eou,(t ) is the convolution of the input pulse ei, (t ) 
with the impulse response h (2). The impulse response in turn is obtained from the Fourier 
transform of Eqn. (14) and can be written as follows: 

where 

h (t ) = m (t )g (1) (15a) 

m(l)=& doM(ao) 
s 

(15b) 

and 

g(t)=exp(-wit2/8a2). (15c) 

Thus, the actual impulse response h (t ) is the product of two factors. The first factor m (t ) 
is the Fourier transform of the mask (appropriately scaled) and corresponds to the 
infinite-resolution impulse response. The second factor g (t ) is an envelope function which 
restricts the time window in which the tailored output pulse can accurately reflect the response 
of the infinite-resolution mask. 

Equations (14) and (15), which result from an approximate treatment of diffraction at the 
mask, have been found to adequately describe a great number of experimental situations. 
Experiments show that both the available time window and the available frequency resolution 
are well modeled. We reiterate, however, that the treatment given here is valid only when a 
suitable spatial filter is employed so that the pulse shape is constant across the spatial beam 
profile. 

Equations (14) and (15) impose limits on the complexity of shaped pulses.‘2’7,236,2’8) These 
limits can be understood in terms of schematic frequency and time domain plots in Fig. 2 1. 
The shortest temporal feature that can be realized, dt, is inversely related to the total 
bandwidth B (B6t z 0.44), and the maximum temporal window T is inversely related to the 
finest achievable spectral feature Sf(Sfr z 0.44). The number of distinct spectral features that 
may be placed into the available bandwidth provides a useful measure n of the complexity 
of the shaped pulse: 

frequency 

time 

FIG. 21. Schematic frequency domain (lop) and time domain (bortom) plots showing limits on the 
complexity of shaped pulses, The shortest temporal feature that can he realized, 6r, is inversely 
related to the total bandwidth B (B61 z 0.44). and the maximum temporal window T is inversely 

related to the finest achievable spectral feature ~5/ (SfT z 0.44). 
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Because B/2f GZ T/St, q also describes the number of independent temporal features that may 
be synthesized into a waveform. This measure is related to the maximum time-bandwidth 
product: BT r 0.44~. 

We can now evaluate the complexity q in terms of the grating and input beam parameters. 
By substituting in for Sf, we arrive at the following expression 

AI n Win 

’ = T (In 2)‘12 d cos(&)’ 
(17) 

where A;1 is the bandwidth (in units of wavelength). As in any spectrometer, the spectral 
resolution (hence the complexity) can be improved by increasing the angular dispersion of 
the grating or by increasing the input spot size. Additionally, the complexity can also be 
increased by using shorter input pulses (wider bandwidths). For parameters typical of past 
femtosecond pulse shaping experiments(238’ (e.g. 1 = 620 pm, Ai z 10 nm, W,, z 2 mm, 
l/d = 1700 mm-‘, and 8,” E 30”), r] is approximately 250, corresponding to a 14 ps temporal 
window. If we assume a 3000 line/mm grating, a 5 mm beam radius, and a somewhat shorter 
input pulse, we can obtain q z 2500 or higher! In this case the maximum temporal window 
T may reach several hundred picoseconds. 

2.5. Pulse shaping by phase-only filtering 

We now consider the energy loss associated with pulse shaping. In cases where both the 
temporal phase and intensity profiles of the output pulse are specified, both the amplitude 
and phase of the spectrum (and hence the transmissivity and phase of the mask) are 
completely determined. The resultant spectral amplitude filtering translates into a loss of 
energy. On the other hand, in some situations only the temporal intensity profile of the output 
pulse is of interest, and this greatly increases the number of degrees of freedom available for 
filter design. In particular, lossless phase-only spectral filters can be designed to yield the 
desired temporal intensity profile. 

As a concrete example, we consider the use of spectral filtering to produce high-rate pulse 
trains, as shown schematically in Fig. 22. (238,242) Figure 22A shows the optical spectrum of the 
single ultrashort input pulse, which has a bandwidth B, corresponding to an input pulse width 
of 6t = 0.44/B (for a Gaussian pulse). The input pulse can be spread into a train of pulses 
by either amplitude filtering or phase filtering. In amplitude filtering, all but a periodically 
spaced set of frequencies are blocked. This results in a train of pulses, each of duration at, 
with a repetition rate that is equal to the frequency spacing 6F. The number of pulses in the 
train is of the order of 6F/6f, where Sf is the spectral width of the individual passbands of 
the filter. Since the total transmission is only Sf/SF, the amplitude-filtering approach is 
inherently inefficient. 

High-quality pulse trains can be generated without loss by use of a periodic phase-only 
filter, as depicted in Fig. 22C. As in the case above, the repetition rate of the resulting pulse 
train is equal to the periodicity SF, but the envelope of the pulse train depends on the structure 
of the phase response within a single period. It turns out that by using pseudorandom phase 
sequences with sharp autocorrelation peaks (such as those that are well known in spread-spec- 
trum communications)‘204) as the building blocks of the phase filter, one can generate pulse 
trains under a smooth envelope. 

Weiner and Leaird(242) have fabricated binary phase masks based on periodic repetitions 
of the so-called it4 (or maximal length) sequences. (204) The intensity cross-correlation 
measurement of a resulting experimental pulse train with a 4.0 THz repetition rate is shown 
in Fig. 23A. The pulse train is clean, and the individual pulses are well separated. Pulse trains 
with similar intensity profiles (not shown) have been produced via amplitude filtering, but 
with substantially reduced energies. Note that the optical phase is constant from pulse to pulse 
in trains produced by amplitude filtering, unlike the phase filtering case, in which the optical 
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frequency 

frequency 
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FIG. 22. Schematic diagram of pulse train generation by 
spectral filtering. (A) Spectrum of input pulse with 
bandwidth B. (B) Pulse train generation by amplitude 
filtering. The filter consists of a periodic set of passbands 
with width iif and spacing SF. Since the total trans- 
mission is only 6f/6F, the amplitude filter is inherently 
inefficient. (C) Pulse train generation without loss by 
phase-only filtering. The different shaded regions corre- 
spond to different phases; the pattern of phases repeats 

with period 6F.‘r4*J 

Time (psec) 

Time (psec) 

FIG. 23. Examples of femtosecond pulse train gener- 
ation by phase-only filtering. (A) 4.0 THz pulse train 
obtained using a phase mask based on periodic rep- 
etitions of M-sequences. (B) 2.5 THz fiat-topped pulse 
train obtained using a phase mask based on Dammann 

phase varies. Pulse trains with repetition rates as high as 12.5 THz have been generated by 
phase-only filtering experiments using shorter (22 fs) input pulses.(‘78’ 

Terahertz-repetition rate pulse trains generated by phase-only filtering have been used for 

femtosecond impulsive stimulated Raman scattering experiments, in which timed sequences 
of femtosecond pulses were used to repetitively drive and selectively amplify optical phonons 
in solids.‘24X.249) Phase-only filtering was suitable for these experiments because the vibrational 
excitation depended only on the arrival time of the individual pulses within the sequence (i.e. 
on the intensity profile) and not on the phase of the optical carrier wave. These multiple-pulse 
impulsive stimulated Raman studies are discussed further in Section 5. 

Pulse trains with different envelopes can be generated by varying the details of the phase 
response within a single period. For example, flat-topped pulse trains can be generated by 
using filters based on the Dammann gratings’47.4*.‘0’.“2,223) h t t a were previously used to split 

an individual laser beam into an equally spaced, equal-intensity array of beams. To 
demonstrate this point, a series of phase masks based on Dammann grating designs were 
fabricated and then tested within a femtosecond pulse-shaping apparatus.“3R.‘4’1 One example 
of the data, showing a femtosecond pulse train at a 2.5 THz repetition rate, is shown in 
Fig. 23B. The pulse train exhibits a relatively uniform series of central pulses, with the 
intensity dropping off abruptly outside the central region. These results in the time domain 
are similar to those that were obtained previously in the spatial domain. 

New phase-only filters designed to generate other femtosecond waveforms can be found 
by using numerical optimization techniques similar to those widely used to design filters for 
spatial beam shaping and array generation. For example, phase-only filters suitable for 
generating femtosecond square pulses and generalized Dammann gratings suitable for 
generating trains of pulses with equal amplitudes but unequal spacings were recently designed 



188 A. M. Weiner 

by using a simulating annealing approach. (250) Although experimental tests showed reasonable 
pulse shaping results, they also indicated that some of the femtosecond waveforms generated 
by phase-only filters (e.g. the square pulses) were very sensitive to variations in the input 
spectrum and the filter fabrication. Simulated annealing has also been used by Wefers et al. 

to design gray-level phase-only filters for generating various intensity modulated femtosecond 
pulse sequences.‘***’ 

Finally, we note that phase-only filtering can have several important applications in 
addition to the multiple-pulse Raman experiments cited above. In Section 2.3 we have already 
discussed the use of multi-element liquid crystal phase modulators for programmable pulse 
position modulation and programmable chirp compensation. In addition, phase-only filtering 
makes possible spectral encoding and subsequent decoding of ultrashort pulses for appli- 

cation in ultrahigh-speed, code-division multiple-access optical communication networks. 
This topic is described in more detail in Section 5. 

2.6. An alternate Fourier synthesis pulse shaping technique 

At this point we have extensively discussed the use of the zero-dispersion pulse compressor 
of Fig. 3 for femtosecond pulse shaping, and we have seen that waveform synthesis entails 
the use of a patterned mask to manipulate spatially dispersed optical frequency components. 
We now consider an alternate pulse shaping arrangement, shown in Fig. 24, which uses a 
spatially patterned mask prior to the diffraction grating. (63*&1) Although less extensively 
studied, this approach appears capable of performing the same sorts of pulse shaping that 
have been achieved using the apparatus of Fig. 3. 

Pulse shaping now proceeds as follows. The spatial profile of the incoming pulse is first 

modulated by transmission through spatially patterned amplitude and phase masks M(x). 
A telescope (lenses L, and L2) relays the patterned beam to a grating. The optical frequency 
components are angularly dispersed upon diffracting from the grating and then pass back 
through lens L,. As in the pulse shaper of Fig. 3, the lens converts the angular dispersion 
into a physical separation of the optical frequency components. Note that at the Fourier 
plane, the focused beam profile corresponding to any single spectral component is the spatial 
Fourier transform of the complex spatial beam profile resulting due to transmission through 
the spatially patterned masks. In addition, each focused spectral component is laterally 
displaced by an amount aw, where CKO has the same meaning as in Eqn. (11). Therefore, if 
a narrow slit is placed at the Fourier plane to sample the spatial profile of the dispersed 
frequency components, the transmitted light is proportional to fi (c(w), where ti is the spatial 
Fourier transform of the mask M(x). Consequently the filtered spectrum is proportional 
to A (c(o); the output pulse shape is then equal to a scaled version of the complex spatial 
mask. 

Input Pulse 
A 

beam splitter 
- - slit 

x 
/ ‘c 
acl Output Pulse 

FIG. 24. An alternate pulse shaping geometry, using a spatially patterned mask before the grating 
and slit in the Fourier plane of the grating. The output pulse is proportional to a scaled version 

of the patterned spatial mask.“” 



Femtosecond optical pulse shaping and processing 189 

We see that in some sense this pulse shaping technique may be considered the Fourier 
transform of the method indicated by Fig. 3. Which method is preferred in a given situation 

may be dictated by practical considerations, e.g. whether it is simpler to implement a mask 
resembling the desired output waveform or its Fourier transform. 

Emplit and coworkers have demonstrated this technique by performing experiments 
in which picosecond input pulses were converted into picosecond ‘dark pulses’ (momentary 
dips in the intensity) riding on top of longer background pulses.(62,63@’ Such dark pulses 
are important for studying non-linear propagation of dark solitons in optical fibers (see 
Section 5). 

3. ADDITIONAL PULSE SHAPING METHODS 

In this section we discuss a number of pulse shaping methods not covered in the previous 
section, which dealt with Fourier synthesis by spatial filtering of spatially dispersed optical 

frequency components. These additional pulse shaping methods can be classified into 
approaches based on passive filtering and approaches involving active modulation. 

3.1. Additional passice pulse shaping techniques 

The passive techniques all achieve pulse shaping through the use of linear filters, and 
therefore these techniques bear some similarity to the Fourier synthesis techniques discussed 
previously. However, a number of diverse implementations of linear filters for ultrashort 
pulses have been reported; these diverse implementations (delay lines and interferometers 
(Section 3.1. l), volume holograms (Section 3.1.2) acousto-optic filters (Section 3.1.3) 
resonant molecules (Section 3.1.4)) are the subjects of the following sections. 

3.1 .l. Pulse shaping using delay fines and interferometers. One of the simplest ways to 
generate ultrashort pulse sequences conceptually is to form a series of passive delay lines, 
where the individual pulse in the sequence is physically delayed by the appropriate amount. 
This intrinsically time-domain approach has been adopted by Scherer et a1.(‘94.‘97) to generate 
phase-locked pairs of femtosecond pulses with delays in the range O-50 ps for spectroscopic 
studies of molecular vapors. Pulse pairs were generated by using a Michelson interferometer 

with the relative delay between the two arms adjusted to provide the desired pulse pair delay. 
A pair of pulses with a fixed phase relationship corresponds in the frequency domain to a 
sinusoidally modulated power spectrum (see Fig. 25),“y4’ and this provides a mechanism for 

locking the relative phases in the time domain. In particular, the phase between the two 
optical pulses can be controlled by finely adjusting the delay of one of the interferometer arms 
in order to maintain a peak (or a null) in the modulated power spectrum at some specific 
optical frequency. Thus, we see that the use of interferometers for pulse pair generation shares 
a common mathematical foundation with the more general Fourier synthesis methods 
described in Section 2: both techniques result in shaped pulses which are the Fourier 
transform of a modulated spectrum. 

Although in principle this technique could be extended to generate a long sequence of 
multiple phase-locked pulses, in practice the need for separate feedback stabilization of the 
phase of each delay line would make application of this method difficult for sequences 
consisting of large numbers of pulses. Thus, Scherer’s direct time-domain approach may be 
ideal for generating short pulse sequences (especially pulse pairs). while more general Fourier 
synthesis methods may be preferred for producing long pulse sequences. 

The use of beam splitters and delay lines for pulse sequence generation is simplified 
somewhat if the phases of the individual pulses are not of concern. In this case the delay line 
lengths need be only coarsely adjusted to provide the proper delay; feedback control to 
stabilize the phase is not required. MacFarlane et cd. have demonstrated ‘optical rattlers’ 
constructed from series of beam splitters and delay lines which produce sequences of up to 
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FIG. 25. Generation of phase-locked pulse pairs using a stabilized interferometer. Borrom: the pulse 
pair with pulse duration t and spacing T. Top: Power spectrum of a single input pulse (bandwidth 
is - I/f ) and differential spectrum obtained by splitting into a pulse pair. The pulse pair results 
in spectral oscillations with period I/T which can be used to lock the relative phases of the 

four pulses at a 800 GHz repetition rate and have developed design techniques for 
determining sequences of reflectivities which can yield pulse sequences with specified 
~ignatures.(l30.'31'58.159) 

Similar pulse shaping can also be performed by using Fabry-Perot interferometers and 

multiple-layer dielectric mirror stacks. One well known example is the Gires-Tournois 
interferometer,(73) which is a Fabry-Perot interferometer in which the back mirror is made 

totally reflecting. In this case all of the incident energy must be reflected back, and the power 
reflectance spectrum is flat. Pulse shaping is still possible, however, due to the spectral phase 
response. Reflection of ultrashort pulses shorter than the round trip time within the 
interferometer produces a decaying sequence of ultrashort pulses, while reflection of incident 

pulses longer than the round trip time results in pulse broadening and distortion. Another 
example of pulse shaping involves the use of a transmissive Fabry-Perot to multiply the pulse 
repetition rate of a modelocked pulse train.“‘7~203’ 

Multiple-layer dielectric mirror stacks permit similar pulse shaping operations by means 
of an integrated structure. Several authors have investigated the dispersive properties of 
dielectric mirrors for use with femtosecond pulses. (55.116,157~235) Although clearly related to pulse 
shaping, the main emphasis of these studies was to minimize intracavity dispersion which can 
be deleterious to modelocked laser operation. 

3.1.2. Puke shaping using volume holography. Volume holograms have received consider- 
able attention for high-capacity information storage. The Bragg selectivity associated with 
volume holography can also be exploited for femtosecond pulse shaping. Since any particular 
wavelength is reflected only by the particular holographic grating for which it is Bragg 
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matched, multiple independent gratings can share the same volume. Therefore, by controlling 
the amplitudes and phases of the superimposed Bragg gratings, one can control the 
amplitudes and phases of the corresponding reflected optical spectral components. Thus, 
ultrafast pulse shaping by volume holography is yet another example of linear filtering. One 
attractive feature of this technique is that good spectral resolution (- 0.1 angstrom) sufficient 
for creation of shaped waveforms on the order of 100 ps is easily attained. 

Experiments demonstrating volume holographic pulse shaping have been performed by 
Brady et al. (‘9.95J Two approaches were used to record the required holographic gratings; in 
both approaches the diffraction efficiency was < 1%. In the first approach”” acousto-optic 
deflectors spatially modulate a continuous-wave (CW) laser beam used for holographic 
recording; multiple gratings are obtained by driving the deflectors with multiple radio- 
frequency electrical drives. In the actual experiments two distinct drive frequencies were used, 
corresponding to two superimposed Bragg gratings, and this resulted in a sequence of several 
femtosecond pulses at a 1.9 THz repetition rate, corresponding to the spectral separation of 
the two Bragg peaks. 

The experimental setup for the second approach is sketched in Fig. 26.(95’ Holograms were 
recorded using a CW argon ion laser which was a prism coupled into the holographic material 
(a dye-doped epoxy). A spatially patterned transparency or a spatial light modulator placed 
in one of the laser beams controls the spatial profile of the recorded hologram. The holograms 
were used in the reflection geometry to maximize the spectral selectivity. Electric field 
cross-correlation measurements of shaped pulses obtained with this setup are plotted in 
Fig. 27.‘95’ The top trace (Fig. 27a) shows the cross-correlation of a pulse reflected from a 
5 mm long single grating. The data indicate a roughly flat-topped pulse with a 50 ps duration, 
corresponding to the round trip transit time through the hologram (with refractive index of 
1 S). The bottom trace portrays the waveform reflected from a 1 cm long hologram modulated 
with a 2.5 mm period square wave; the output waveform is modulated with a 25 ps period, 
which corresponds to the round trip transit time associated with a single period of the spatial 
modulation. These experimental results clearly demonstrate the use of volume holography for 
ultrafast waveform synthesis. 

Write beams 

\ Cross-correlator 1 

FIG. 26. Experimental setup for volume holographic pulse shapmg. The hologram is written from 
above using a spatially patterned CW laser and readout in the reflection geometry by a femtosecond 

probe pulse, which is reshaped as a result.‘““’ 
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FIG. 27. Electric field cross-correlation measurements of shaped pulses obtained by volume 
holographic pulse shaping. (a) Flat-topped pulse reflected from a single 5 mm long grating. (b) 

Modulated waveform generated by using a spatially modulated hologram.(95’ 

In both of the data above, the temporal profile of the reflected waveform is approximately 
equal to the spatial profile of the recorded hologram. This observation is in fact true generally, 
provided that the holograms work in the weak reflection limit. In this single scattering limit, 
the shaped waveform is simply the sum of the scattered pulses originating from each spatial 
location of the pulse shaping hologram. This simple impulse response description is entirely 
equivalent to the spectra1 description outlined above, in which pulse shaping is controlled via 
the amplitude and phase spectra of the hologram. 

Volume holographic pulse shaping can also be considered in the strong diffraction efficiency 
limit, although the relationship between the spatial pattern of the hologram and the resulting 
temporal impulse response becomes complicated due to multiple scattering. Brady et al. have 
performed a numerical study of pulse shaping in the strong reflectivity 1imit.“4J Their results 
indicate that the simple form of the impulse response corresponding to the weak scattering 
limit can remain valid for surprisingly strong holograms with diffraction efficiencies ap- 
proaching 50% at the center wavelength of the pulse. 

We do note that volume holograms for pulse shaping can also be formed by recording with 
ultrashort pulses. In this case one uses a single ultrashort pulse as one of the recording beams 
and a shaped pulse or a pulse sequence as the other recording beam. The recorded hologram 
reflects the spatial overlap between the two non-collinearly propagating beams, which in turn 
reflects the shaped recording w-aveform. Experiments demonstrating this approach, which are 
described more fully in Section 4 on holographic storage and processing of ultrashort pulses, 
have been reported on the picosecond”05) as well as the femtosecond”’ time scale. 
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3.1.3. Pulse shaping using integrated acousto-optic tunable filters. Reshaping of ultrashort 
optical pulses can also be accomplished by using a device known as an integrated 

acousto-optic tunable filter. The pulse shaping mechanism is similar to that involved in 

volume holography, namely, the superposition of multiple Bragg gratings. Note that these 
acousto-optic filters are not passive devices. However, we discuss these acousto-optic devices 
in this passive pulse shaping section due to the similarity with volume holographic pulse 
shaping. 

The acousto-optic tunable filter (AOTF)(ZoS) IS one of a number of integrated-optic devices 
which are now being developed to filter, process, and route multiple-wavelength optical 

signals for wavelength-division-multiplexed (WDM) photonic networks. These devices have 
principally been used in situations in which individual optical wavelengths are’independent 
and lack mutual phase coherence. However, these same devices can potentially be used to 
filter and reshape femtosecond optical pulses composed of a broad, mutually phase locked 
band of wavelengths.‘65) 

The operating principles of the integrated acousto-optic tunable filter are described in a 
review paper by Smith. (205) Briefly, the optical input is coupled into a waveguide along one 
axis of a birefringent medium (typically LiNbO,), and radio-frequency surface-acoustic waves 

are used to transform the optical polarization state. Phase-matched polarization conversion 
occurs when the acoustic wavelength matches the polarization beat length, which varies with 
optical frequency. This results in a narrowband polarization converter centered at an optical 
frequency controlled by the RF drive frequency. By placing this device between polarizers, 
a narrowband optical filter is obtained. Multiple optical wavelengths can be filtered 
simultaneously and independently, by applying multiple RF drive frequencies. 

Pulse shaping experiments’65) were performed by passing 500 fs pulses at 1.53 pm through 
an integrated acousto-optic tunable filter. The AOTF was driven by two RF frequencies and 
operated as a notch filter. The two electrical drives lead to two notches in the transmitted 
spectrum at the optical frequencies where resonant polarization conversion occurs. Figure 
28’“” shows a spectrum measured after the AOTF for a notch separation of 4 nm. A 
measurement of the corresponding time-domain waveform is shown in Fig. 29.‘h5’ The output 
waveform consists of two portions. The first is a strong pulse at t = 0, which can be attributed 
to the bulk of the original power spectrum which is unaffected by the notch filtering operation. 
The second weaker portion corresponds to a beat pattern in the time domain, with a beat 
period equal to the inverse of the notch separation in the frequency domain. 

These results indicate the potential for programmable filtering and pulse shaping using 
acousto-optic tunable filters. However, in the work reported so far, spectral phase and 
amplitude filtering cannot be performed separately. In the future a more sophisticated. 
two-stage AOTF design’205,206’ could lead to independent spectral phase and amplitude 
filtering for complete pulse-shaping control. 

1524 1530 1536 -6 -3 0 3 6 
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FIG. 28. Optical spectrum generated using an acousto- FIG. 29. Intensity cross-correlation mcasurt’mcnt of the 
optic tunable tilter. The two notches correspond to two waveform resulting from the spectrum shown 111 Fig. 

RF drive frequencies.‘h” 28 CC>>, 
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3.1.4. Atomic and molecular pulse shaping. Resonant absorbers, composed for example of 
atomic or molecular vapors, are one of the best known filters available in optics and have 
been extensively investigated in connection with coherent optics. Resonant absorbers in 
strong laser fields lead to a number of interesting phenomena such as self-induced transpar- 

ency.(6) For weak laser fields, however, these media act as linear filters and can be 
characterized by their spectral amplitude (transmission) and phase (dispersion) response. 
Thus, resonant media can lead to special types of pulse reshaping. 

The propagation of picosecond pulses in resonant atomic vapors has been studied by 
Grischkowsky et af.(‘84) In one experiment transmission of 7 ps pulses through an optically 
thick sodium vapor cell led to formation of the so-called O-n (or zero area) pulse.(‘84) Due to 
the broad bandwidth of the picosecond pulse, most of the laser energy lay outside of the 
absorption line and was therefore transmitted through the cell. On the other hand, due to 
the phase response associated with the absorption line, the pulse is severely distorted and 
develops a strong phase modulation. This distortion due to the phase response reduces the 

pulse area to zero, in accord with the pulse area theorem.‘@ 
Linear filtering and pulse shaping can also be accomplished by using the more complicated 

spectra associated with molecular vapors. Although such resonant media normally act as 
notch (i.e. absorption) filters, Warren et al. have demonstrated an interesting trick which 
allows implementation of bandpass filters using resonant absorbers.‘76) The experimental 
setup is shown schematically in Fig. 30. The incoming pulse is split in two and passes through 

an interferometer which contains an I2 cell in one of its arms. A reference pulse spectrum is 
transmitted intact through the other arm. The interferometer is set for destructive interfer- 

ence, so that all the spectral components of the reference are canceled out, except for those 
which are missing in the pulse transmitted through the gas cell. This produces an output with 
a spectrum which matches the molecular spectrum (and this of course corresponds to a 
reshaped pulse as well). Such molecular pulse shaping may be useful for some spectroscopic 

applications in which a match between the incoming laser spectrum and the absorption 
spectrum may be desirable. 

3.2. Actiue pulse shaping techniques 

The active techniques employ high-speed time-domain modulation for pulse shaping. In 
order to perform pulse shaping directly by high-speed modulation, one must use non-linear 

optical gating (Section 3.2. l), since electro-optic modulators are of course much slower than 
the picosecond and femtosecond time scales of interest to us here. On the other hand, 
electro-optic modulators can be profitably employed in several indirect schemes (Sections 

3.2.2-3.2.4) which result in ultrafast optical pulse shaping. Additionally, phase locking of 
several lasers at different optical frequencies may be employed for direct synthesis of ultrafast 
waveforms (Section 3.2.5). 

3.2.1. Non-linear optical gating. Some simple forms of pulse shaping can be accomplished 
by optical gating, in which one pulse modulates a second, preferably longer pulse through 
a non-linear optical interaction. In one example optical gating was used to produce ultrashort 

FIG. 30. Schematic diagram of ‘molecular pulse shaping’, using a resonant gas cell (molecular 
iodine in this example) in one arm of an interferometer set for destructive interference. (Adapted 

from Ref. (76).) 
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dark pulses for studies of dark soliton propagation in optical fibers. (x3.‘25) Low intensity, 100 ps 

signal pulses from a modelocked, frequency-doubled Nd:YAG laser and high intensity, 
subpicosecond gating pulses from an amplified dye laser system were input into a non-linear 

optical fiber modulator based on the optical Kerr effect. The dye laser gating pulses cause 
a momentary polarization rotation of the longer duration signal pulses. and this polarization 
rotation is translated into an intensity modulation by the polarizer. By suitable adjustment 
of the polarizations, 0.3 ps dark pulses (or holes) with a contrast ratio of 50% were produced 
on the longer signal pulses, Because the optical fiber Kerr gate does not provide phase control, 
the phase of the resultant dark pulses is approximately constant with time. This is one 
limitation of the optical gating technique; as discussed further in Section 5, a special phase 
profile is preferred for dark soliton propagation. 

Similar techniques involving self-gating have also been used for a few other pulse shaping 
tasks, such as cleaning up the wings of ultrashort pulses’x’.‘60~“” as well as reducing the original 
pulse width. (“) Non-linear optical gating techniques do not, however, appear well suited for 
general purpose pulse shaping and waveform synthesis. 

3.2.2. Pulse shaping by temporal stretching and modulation. Although direct electro-optic 
modulation of ultrashort pulses is not possible, nevertheless, high-speed electro-optic 
modulators can be used to advantage via indirect pulse shaping schemes. One version of such 

a scheme is shown in Fig. 31. (84) In this approach picosecond or femtosecond pulses are first 

spread out (chirped) in time. A high-speed waveguide intensity modulator, driven by a 
programmable GaAs-FET microwave waveform generator, is used to temporally filter the 
chirped optical frequency components. Subsequent pulse compression by using a pair of 
diffraction gratings yields the desired pulse shape. This time-domain approach, in which the 
frequencies are dispersed in time, temporally filtered using a single serial modulator, and then 

recombined in time, is closely analogous to the frequency-domain approach of Section 2, in 
which optical frequencies are dispersed in space, spatially filtered using a parallel multielement 
modulator, and then recombined spatially. In the time-domain scheme the minimum output 
pulse duration is obtained when the modulation is turned off and is equal to the inverse of 
the optical bandwidth at the input to the grating pulse compressor. Turning the modulation 
on leads to longer shaped pulses composed of temporal features with minimum durations 
equal to that of the unshaped pulse. The number of distinct temporal features which can be 
contained in the output pulse is equal to the maximum number of spectral features imposed 
by the modulation. This quantity, similar to the complexity measure q defined in Section 2.4, 
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FIG. 31. Pulse shaping by temporal stretching and modulation. The input pulse is stretched 
(chirped) in an optical fiber, modulated by a very high-speed waveguide modulator, and then 
recompressed using a grating pair. The output pulse shape is controlled by means of a 

programmable microwave waveform driving the high-speed moduiator.‘*4) 
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is approximately equal to the duration of the chirped optical pulse arriving at the modulator 
divided by the rise-time of the electro-optic modulator/programmable waveform generator 
combination. Typically the chirped pulse duration is on the order of a few hundred 

picoseconds or less and the modulation rise-time is on the order of a few tens of picoseconds, 
so the complexity measure q is roughly of order ten. 

Several variations of this time-domain pulse shaping approach have been re- 

ported. (x4~xs~~zs~~27) In the version shown in Fig. 31, the input picosecond pulse undergoes 
self-phase-modulation as well as chirping in the optical fiber; because the optical bandwidth 

is increased, the compressed (and shaped) pulses can be shorter than the input pulse. This 
approach, which can be described as a fiber and grating pulse compressor with a pro- 
grammable modulator inserted before the gratings, has allowed, e.g. generation of subpicosec- 
ond square pulses with rise and fall times on the order of 100 fs. In other related work the 

input picosecond pulse is replaced by a CW laser and the high-speed modulator is placed 
before the optical fiber. This scheme relies on self-phase-modulation and subsequent 
compression of shaped input pulses, Another variation of Fig. 31 involves the use of cascaded 
high-speed waveguide amplitude and phase modulators to control both the amplitude and 

phase of the temporally chirped pulses. 
One potentially important advantage of this time-domain pulse shaping approach is that 

it automatically provides for programmability, which can be accomplished by controlling the 
output of the programmable microwave waveform generator. Rapid programmability has in 
fact been demonstrated in an experiment in which the pulse shaper toggled between two 

different short bit streams of femtosecond pulses at a 50 MHz rate.‘227’ One disadvantage of 
the time-domain pulse shaping approach is the relatively poor spectral resolution resulting 
in q of order ten, which is substantially lower than that available through the frequency-do- 
main shaping approach. 

3.2.3. Pulse shaping using electro-optic phase modulation. Kobayashi et al. have performed 
pulse shaping experiments in which an electro-optic phase modulator is used to generate 

high-bandwidth chirped input pulses. (“‘) As in the method described in reference to Fig. 4, 

a grating pair is used to compensate for the input pulse chirp, and pulse shaping is 
accomplished by spatial filtering of the spatially dispersed frequency components within 
the grating pair. We include Kobayashi’s method among the active pulse shaping schemes 
due to its reliance on an electro-optic phase modulation, even though the actual pulse 
shaping is accomplished in the same manner as with the frequency domain methods of 
Section 2. 

A unique aspect of this approach is that no modelocked lasers are required; the output of 
a simple CW laser is converted into a wide bandwidth signal suitable for compression to a 
picosecond duration by means of electro-optic phase modulation. Of course, a high 
modulation index is required, but the required bandwidths can be obtained by operating at 
high modulation frequency and by employing an electrically resonant cavity. In one 
experiment optical sidebands spanning a bandwidth of 640 GHz were produced by driving 
a LiTaO, phase modulator at 9.35 GHz with a modulation depth of 10.9 radians. After chirp 
compensation this yielded pulses a few picoseconds in duration. Pulse shaping was demon- 
strated in some simple experiments in which (a) the central sidebands were blocked or (b) 
the sidebands were given a quadratic spectral phase shift. 

In addition, other experiments were carried out in which pulse shaping was accomplished 
by using a Fabry-Perot etalon, rather than spatial filtering of dispersed frequency com- 

ponents, to perform spectral filtering. We do note one practical difference which distinguishes 
the work described above from the pulse shaping methods of Section 2: the individual optical 
sidebands generated by the high-frequency phase modulator are far enough apart (e.g. 9 GHz) 
that they can be resolved at the transform plane of a pulse shaping apparatus, unlike the cases 
described in Section 2. In the time domain this means that the resultant shaped optical 
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waveform is much shorter than the pulse repetition rate (low duty cycle) in Section 2 but 
comparable to the repetition rate here (high duty cycle). 

3.2.4. Pulse processing using time-domain lenses. Electra-optic phase modulators can be 

used for temporal ‘imaging’ and processing of picosecond optical pulses(75.“‘~‘22’ in addition 

to pulse shaping. The basis for this scheme is the analogies between dispersion in the time 
domain and diffraction in the spatial domain’“’ and between quadratic phase modulation in 

time and the action of a thin lens in space. (“‘Jo’) Kolner has shown that by combining a ‘time 
lens’ (i.e. quadratic phase modulation) with dispersion, one can synthesize the time domain 
analog of an optical imaging system. (‘*‘Jo’) Temporal imaging systems can potentially provide 
a number of functionalities for ultrafast optical waveforms, such as expansion and com- 

pression (magnification and demagnification) in the time-domain, waveform synthesis, 
time-reversal, and waveform measurement. 

The space-time imaging analogy is illustrated in Fig. 32. ““’ A conventional spatial imaging 
system entails propagation (diffraction) from the input plane to the lens, spatial phase 
modulation by the lens, and propagation (diffraction) from the lens to the output plane. The 
analogous temporal imaging system involves a first dispersive delay line (the temporal 

equivalent of diffraction), temporal phase modulation by the time-lens, and then a second 
dispersive delay line. The mathematical relationships between temporal and spatial imaging 
have been worked out in detail in the literature. “*‘J’~’ The analysis shows that when the values 
of the dispersive delay lines and the temporal lens are properly related, the output 
time-domain waveform is a faithfully magnified (or demagnified) replica (image) of the input 
waveform. 

It is worth pointing out that if the initial dispersive delay line is omitted, this temporal 
imaging approach becomes very similar to the work of Kobayashi ““.“*’ described in Section 
3.2.3. In this case the input pulse is chirped and spectrally broadened by the phase modulator 

and then compressed to the bandwidth limit by the output grating pair. In terms of the spatial 
lens analogy, this is equivalent to focusing of a collimated input beam to a diffraction-limited 
spot. This situation is also related to the well established fiber and grating pulse compression 

technique’79,2’9’ and derives from the original proposals for optical pulse compression from 
over 20 years ago.~‘s~72~‘57’ Ex periments demonstrating active pulse compression by means of 
integrated electro-optic phase modulators have recently been reported.‘74,“0’ 

Several of the interesting properties of actual temporal imaging have recently been 
demonstrated in experiments involving picosecond pu1ses.‘75.“o~“” As in the work by 
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FIG. 32. Space-time imaging analogy. Bottom: A conventional spatial lens can image from one 
plane to another. The image can be either magnified or demagnified. Top: A time lens system 
consisting of a dispersive delay line, a quadratic phase modulator (the time lens), and a second 
dispersive delay line can image in time. The output waveform can be either expanded or 

compressed.““’ 
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Kobayashi,“‘7,“x’ temporal imaging experiments require electro-optic phase modulation with 
a high modulation index. One experiment showed a 4 x timing jitter reduction by temporal 
lensing. ““’ In this study in which there was no input dispersive delay line, the time lens tries 
to ‘focus’ the output pulse to a single temporal location. Other experiments demonstrated 
magnification, time-reversal, and time-to-frequency conversion of picosecond optical wave- 
forms.““’ 

3.2.5. Pulse synthesis using separate phase-locked laser oscillators. An additional possibility 
for ultrafast waveform synthesis derives from the laser phase-locking community. In 
particular, an optical Fourier synthesizer which generates ultrashort light pulses by superpo- 

sition of precisely equidistant optical frequencies has been proposed by Hlnsch.‘86’ The key 
to this approach is the ability to phase lock lasers at widely different frequencies by using 
beat signals between their harmonic and sum frequencies.‘*“’ Compared to shaping of 

mode-locked laser pulses, here the separate lasers can span a wider frequency range (e.g. the 
entire visible). By superimposing several equally spaced laser frequencies, one could obtain 
a train of subfemtosecond pulses or waveforms, with repetition rates in the femtosecond range 
(assuming very large frequency spacings). In order to demonstrate the feasibility of such direct 
waveform synthesis, three semiconductor diode lasers with closely spaced frequencies near 

850 nm were phase locked together to produce optical waveforms with durations and 
repetition rates in the range of nanoseconds and several tens of MHz, respectively.“‘@ The 
authors point out that this work can be extended to extremely wide frequency separations, 
resulting in ultrashort pulses with repetition rates above a THz. However, one notes that 
several practical difficulties will need to be resolved, including methods for controlling (not 
only stabilizing) the phases of the various frequencies and for measuring subfemtosecond 

waveforms (for truly wide frequency spacings). In addition, as the desired complexity of the 
synthesized waveforms increases, the number of independent laser oscillators required will 
grow as well. 

4. HOLOGRAPHIC PROCESSING OF ULTRASHORT PULSES 

Until now our discussion has concentrated on pulse shaping, in which a known input pulse 
is transformed into specified output waveform by means of linear filtering techniques. 
Although these techniques can be very effective, certain basic signal processing operations, 
such as time reversal, correlation and convolution, cannot be achieved by passive linear 
filtering. Similarly, if the input pulse is not specified, then the linear filter needed to produce 
a desired output cannot be calculated. Such processing operations require either active 
modulation or non-linear filtering. In Section 3.2.4 we described one processing technique 
based on active electro-optic phase modulation. In this section we discuss holographic 

processing methods for storage, recall, and non-linear filtering of ultrafast optical waveforms. 
These methods make possible a number of new applications, such as matched filtering of 

ultrafast waveforms and encrypted femtosecond data storage. 
Holographic methods for processing of ultrafast time-domain signals are closely analogous 

to traditional holographic techniques which have been widely used in the spatial domain for 
storage and recall of images and to perform signal processing operations such as correlations 
for pattern recognition application. “” In traditional holography information on a spatially 
patterned signal beam is recorded as a set of fringes arising due to interference with a spatially 
uniform reference beam. Subsequent illumination of the hologram with a uniform test (or 
read-out) beam reconstructs either a real or conjugate image of the original signal beam, 
depending on the geometry. In time-domain holography, the reference is a short pulse with 
a broad and regular spectrum. The signal is a shaped pulse with information patterned onto 
the spectrum. During holographic recording the complex amplitude of each signal pulse 
spectra1 component is stored as a series of fringes arising due to interference with the 
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corresponding spectral component from the reference pulse. Subsequent illumination with a 
short test pulse produces either a real or a time-reversed (conjugate) replica of the original 
signal pulse, again depending on the geometry. Illumination with a temporally shaped pulse 
results either in the correlation or the convolution of the test and signal waveforms, again 
in analogy with traditional, spatial-domain holography. 

In the following we discuss several distinct techniques for holographic processing of 
ultrafast optical signals. These techniques are all related in that they can all be described in 
terms of the same basic holographic principles described above; they differ in that they rely 
on rather distinct mechanisms to record the fringes in which the spectral/temporal infor- 
mation is encoded. 

We will begin in Section 4.1 by discussing a spectral holography technique closely related 
to the grating and lens pulse shapers which were described in Section 2. This technique, a 
subject investigated experimentally by the current author, should serve to elucidate the 
principles as well as the applications of time-domain holographic processing in general; and 
we will concentrate our attention on this technique. In Sections 4.24.4 we will survey other 
time-domain holographic methods, although we will devote less space to these other methods, 
since many of the common principles and applications will already have been covered in 
Section 4. I. 

4. I. Spectral holography 

4. I. 1. Principles of spectral holography for time-domain signal processing. Storage and 
reconstruction of shaped ultrafast waveforms by holographic recording of spatially dispersed 
optical frequency components-or spectral holography-was proposed by Mazurenko(‘4’,‘42) 
and demonstrated experimentally on the femtosecond and nanosecond time scales by Weiner 
et a1.(243,246.247) and Mazurenko et a1.(‘42) respectively. A spectral holography setup for 
processing of femtosecond time-domain signals is shown schematically in Fig. 33;(246,247) the 
basic layout is similar to the arrangement described previously for femtosecond pulse shaping 
(see Fig. 3). Compared to pulse shaping, however, there are two significant differences: 

l A holographic medium replaces the prepatterned mask or modulator array used for pulse 
shaping. The experiments performed to date have utilized thin holograms, although the 
possibility of using thick holographic media for spectral holography has been analyzed 
theoretically.(‘4’.‘42’ 

l For holographic recording two beams, a shaped signal pulse and a short reference pulse, 
must be incident onto the apparatus. The two beams are set for parallel but non-colinear 
propagation with zero relative time delay. 

The first grating and lens spread frequency components from both beams along x. The lens 
causes the spectrally dispersed reference and signal beams to intersect on the holographic 
plate, forming interference fringes along the y direction. Recording these fringes in the 
holographic medium forms a spectral hologram, in which the amplitude and phase of each 
spectral component of the incident signal beam is encoded in terms of the amplitude and 
spatial phase of the grating present at the corresponding position along x. 

After recording, spectral holograms are read-out by using a single test beam (Fig. 33b). 
The individual frequency components of the test beam are first spread spatially and then 
impinge on the spectral hologram. Each spectral component diffracts off that part of the 
hologram containing phase and amplitude information corresponding to the same frequency 
component from the signal beam. All the diffracted frequencies are then recombined into a 
single beam; at this point the reconstructed field Eout(o) can be written as follows: 

E,,,(w) - E,(o)E:(w)E,(o)e’Kl ’ + E,(o)E,(w)E:(w)eiK2” (18) 
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FIG. 33. Spectral holography setup for processing of femtosecond time-domain signals. (a) 
Recording the spectral hologram. (b) Reading out the spectral hologram. The figure shows only 

one of the two reconstructed output beams.‘“‘) 

where 

K, = k, - k, + k, 

and 

K2=k,+k,-k,. 

Here, Et(o), E,(w), and E,(o) are the complex spectral amplitudes of the test, reference, and 
signal fields, respectively, and k,, k,, and k, are the propagation vectors of these beams just 
prior to the hologram. Equation (18) assumes that the recording is linearly proportional to 
exposure and neglects effects due to the finite spectral resolution of the pulse shaping 
apparatus. Because a thin holographic medium is used, Bragg matching is not required, and 
diffraction occurs in both the K1 and K, directions. The envelopes of the reconstructed output 
pulses are given by the Fourier transform of Eqn. (18), as follows: 

e,,,(t)~e~(t)*e,(-f)*e,(t)e’K~“+e,(t)*e,(t)*e,(--t)e’x~‘r (19) 

where e,,,(t), e,(t >, e,(t ) and e,(t) are the complex electric field amplitudes of the output, 
test, reference, and signal beams, respectively, and the * sign denotes convolution. When both 
test and reference beams consist of unshaped pulses with durations short compared to the 
duration of the shaped signal pulse, the first term in Eqn. (19) represents a real reconstructed 
signal pulse (eOUt(t) N e,(t)), emerging from the hologram in the K, direction, whereas the 
second term signifies a time-reversed reconstruction (eout (t ) m e, (- t )), propagating along K, . 
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In both cases the sharpest temporal features of the original signal pulse may be blurred due 
to the convolution with test and reference pulses. 

Furthermore, if the test beam itself is a shaped pulse, then signal processing operations can 
be achieved. Some of the possible output waveforms are listed below:(246) 

l Recall of shaped waveforms: Eout(o) - E,(o). 
l Time-reversal: EoU,(o) N E,(w)*. 
l Convolution: Z&(w) - E,(o)E,(o). The convolution involves the electric field amplitudes 

of test and signal waveforms (as opposed to the intensity profiles). 
l Correlation: Eout(w) - E,(o)E:(o). Again, this is the correlation of the corresponding 

electric field amplitudes. The correlation is sensitive to phase. 
l Matchedfiltering: EOUt(o) - E,(o)E $ (0). This can be obtained when the test waveform is 

identical to the signal waveform. The output waveform becomes the electric field autocor- 
relation of the signal. For a signal of the form E,(o), a linear filter of the form Et(w) gives 
the maximum possible output peak intensity-hence the term matched filter. 

4.1.2. Experimental studies of femtosecond spectral holography. In this section we discuss 
a series of experiments WJ~‘) demonstrating the rich possibilities for femtosecond signal 
processing which were outlined above. The laser source for these experiments was a CPM 
dye laser generating 75 fs pulses at a 0.62 pm wavelength. The reference pulse was taken from 
the CPM laser itself; the shaped signal beam was obtained in most cases by spectral masking 
in an additional, auxiliary pulse shaping apparatus. A thermoplastic plate served as the thin 
holographic medium, and holograms were written under control of a Newport Corp. 
HC-3000 holographic recording system. Once recorded, the resultant spectral holograms were 
read out using either a short or a shaped test pulse. 

4.1.2.1. Spectral holography of time -delayed pulses 

As a first simple example, we describe the results of experiments in which signal pulses were 
not shaped but were delayed by various amounts with respect to the reference beam.‘247) In 
separate measurements, spectral holograms were recorded for signal pulses delayed by 0, 1, 
2, and 3 ps, respectively, with respect to the reference pulse. Figure 34 shows real recon- 
structed pulses resulting when each of these spectral holograms is read out with a short test 
pulse with k, = k,. The pulse arrival times are identical to those of the original signal pulses. 
Figure 34b shows measurements of time-reversed pulses obtained by reading out with short 
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FIG. 34. Spectral holography data with signal pulses delayed by various amounts with respect to 
the reference. (a) Real reconstructed pulses resulting when each of these spectral holograms is read 
out with a short test pulse with k, = k,. The pulse arrival times are identical to those of the original 
signal pulses. (b) Time-reversed pulses obtained by reading out with short test pulses with k, = k, 

The pulse arrival times are now opposite those of the original signal pulses.‘247’ 
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test pulses with k, = k,. The pulse arrival times are now opposite those of the original signal 
pulses. These data demonstrate the ability to record spectral holograms and to reconstruct 
real and as well as time-reversed replicas of the original signal. 

The intensities of reconstructed pulses in Fig. 34 fall off for time delays of 2-3 ps. This 
occurs because signals which occupy a temporal window exceeding the inverse of the available 
spectral resolution cannot be effectively recorded. For the setup used in these experiments, 
the resolution was N 1 A, corresponding to a temporal window of N 5 ps FWHM. As for 
femtosecond pulse shaping (see Section 2.4), the spectral resolution in spectral holography 
is set by the finite spot size at the hologram plane and by the spectral dispersion; improved 
spectral resolution can be obtained by increasing the angular dispersion of the gratings and 
the input beam size. 

4.1.2.2. Spectral holography of phase -modulated pulses 

Further demonstrations of spectral holographic storage and processing have been per- 
formed using complex signal waveforms. In one set of experiments,‘247’ signal pulses were 
shaped using a cubic spectral phase modulation, leading in the time domain to a non-sym- 
metric pulse distortion and long, oscillatory tail (Fig. 35a). Such distortion is an important 
effect for ultrashort pulse propagation in optical fibers at the so-called zero dispersion 
wavelength, (“O) for chirped pulse amplification,(‘33~‘6g) and for compression of femtosecond 
pulses to durations below 10 fs. (‘Lo’) Figures 35b and 3% show measurements of reconstructed 
pulses read-out by using unshaped, 75 fs test pulses in the real and time-reversed experimental 
geometries, respectively. These data demonstrate storage, recall, and time-reversal of shaped 
femtosecond waveforms. Figure 35d shows the waveform read-out by a test pulse identical 
to the signal pulse. The output waveform, which is the jieZd autocorrelation of the signal 
waveform, is a short and featureless, compressed femtosecond pulse. This is an example of 
matched filtering-the phase modulation of the input pulse is completely compensated by the 
matched filter. Finally, Fig. 35e shows the output for a test pulse which is a time-reversed 
version of the signal; in this case, the autoconvolution of a time-reversed version of the 
original signal waveform is generated. The effects of the autoconvolution are clearly evident 
in the data: the main pulse is broadened, and the oscillatory tail becomes substantially longer. 

4.1.2.3. Matched filtering 

Further examples of matched filtering, which more dramatically show the increase in 
intensity when complete spectral phase compensation is achieved, are also possible.(246) Figure 
36 shows a series of measurements taken with signal pulses which were encoded by using a 
pseudorandom phase mask, which converts the original femtosecond pulse into a picosecond 
duration pseudonoise burst (see Section 5.2.3). Matched filtering operation was demonstrated 
by reading out the spectral hologram with various test waveforms (using k, = k, and looking 
in the K, direction). Figure 36a shows the 2ps pseudonoise burst which results when the 
spectral hologram is read out by using an unshaped test pulse, and Fig. 36b shows the 
decoded pulse which results when the test waveform is the same as the original signal. In 
the latter case the test is recompressed by the spectral hologram into a featureless, N 100 fs 
pulse, with a quite obvious increase in intensity. Both the duration and the intensity of the 
recompressed pulse are comparable to that obtained when signal and test beams are both 
unshaped fs pulses (plotted for reference in Fig. 36~). The recompressed pulse does exhibit 
some residual energy in the wings, which may result due to some small non-linearity and/or 
non-uniformity in the process of recording the spectral hologram. Finally, Fig. 36d shows 
the output waveform obtained when the original spectral hologram is read out with a coded 
test waveform different than the original signal waveform. The waveform is once again a low 
intensity pseudonoise burst, demonstrating that no strong correlation peak results when the 
input waveform is not matched to the filter. 
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FIG. 35. Spectral holography data using a complex 
signal waveform. (a) Input pulse with non-symmetric 
distortion and oscillatory tail. (b) Real reconstruction of 
the signal waveform. (c) Time-reversed reconstruction of 
the signal waveform. (d) Compressed output pulse ob- 
tained by using a test waveform identical to the signal 
waveform. Note the vertical scale is compressed by 60%. 
(e) Autoconvolution of (a time-reversed version) of the 
signal pulse. Note that the vertical scale is expanded by 

a factor of two.(24i) 
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FIG. 36. Spectral holography data demonstrating 
matched filtering. (a) Encoded input pulse. (b) Decoded 
output pulse obtained when the test and signal wave- 
forms are identical. The compression and correspond- 
ingly increased intensity are characteristics of matched 
filtering. (c) Output when signal, reference, and test 
beams are all short, unshaped femtosecond pulses. (d) 
Output waveform obtained when the original spectral 
hologram is read out with a coded test waveform 
different than the original signal waveform. In this case 

the filter is not matched.046) 

Matched filtering can also be used for encrypted femtosecond data storage. In this case the 
reference pulse itself is encoded by using a pseudorandom phase mask. After the signal pulse 
is stored, it can be retrieved only by using a test pulse encoded in the same way as the 
reference. Experiments demonstrating encrypted femtosecond data storage are described in 
Ref. (246). 

An additional potentially important application of spectral holography is for dispersion 
compensation, e.g. for fiber optic communications. (246) One advantage of this approach is that 
the phase variation need not be known a priori since the holographic process automatically 
produces a matched filter corresponding to the incoming phase variation. 

4.1.2.4. Discussion 

In addition to the experiments considered above, some other related spectral holography 
investigations have also been performed. These are discussed briefly below. 

In one recent set of experiments, Da Silva et al. (45) have reported ‘non-causal photon echo’ 
studies rather closely related to the implementation of spectral holography described above. 
In their work a collinear pulse pair is directed into a pulse shaping apparatus containing a 
medium with thermal non-linearity at the filter plane. As a result of the non-linearity, echo 
pulses are produced both before and after the incident pulse pair. Their experiment is 
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analogous to on-axis Fourier-transform holography, while the work reported above is 
analogous to off-axis Fourier transform holography. 

Finally, Weiner et al. have recently reported off-axis experiments using second-order 
diffraction from the holographic medium. (243’ These experiments were performed simply by 
increasing the exposure energy used for recording on the thermoplastic plate, such that 
high-order holographic grating terms were produced. Second (or higher) order diffraction in 
spectral holography makes possible new signal processing operations involving multiple 
correlations. These second-order spectral holography experiments have much in common 
with recent experiments in which second-order diffraction was used to implement a simplified 
associative memory for spatial images. (‘63’ This similarity raises the possibility of simple 
associative memories for ultrafast pulse sequences, in which a complete output sequence could 
be generated, with error correction capability, in response to a partial input pulse sequence. 

4.1.3. Space-to-time and time-to-space conversions using spectral holography. In the 
previous sections on spectral holography we discussed pure time-domain systems, in which 
an ultrafast input temporal signal is processed to yield a new output temporal signal. These 
time-domain processing operations were described by means of an analogy with the well 
known space-domain holography. One can also consider hybrid spectral holography systems 
in which time and space are mixed. These systems allow conversion from the spatial domain 
into the ultrafast time domain (parallel to serial conversion) or from the ultrafast time domain 
into the spatial domain (serial to parallel conversion). Such hybrid space-time conversions 
have been discussed theoretically by Mazurenko”4”42’ and demonstrated experimentally by 
Ema and coworkers(58@‘~6” and by Nuss et al. w2) In addition, all of the pulse shaping methods 
described in Section 2 were in fact based on a conversion between space and time or space 
and optical frequency. 

The ability to perform space-to-time conversions raises the possibility of using spectral 
holography to perform time-division multiplexing in high-speed optical communications 
systems. (‘42’ For this application the input spatial mask or image is replaced by a one-dimen- 
sional array of optical fibers carrying separate data channels. The separate channels are 
synchronized and operate at identical bit rates. Once every data cycle one writes a Fourier 
transform hologram of the image created by the parallel data stream (using a reference pulse 
synchronized to the data channels). This hologram sits within a spectral holography setup 
and is read-out once per cycle by an ultrashort test pulse. This results in the desired 
time-division multiplexing, in which the spatially parallel input channels are converted into 
an ultrafast, ultrahigh-bandwidth serial bit sequence (e.g. 100 Gbit/s for one hundred fibers 
and individual bit rates of 1 Gbit/s). A key point of this approach is that multiplexing is 
achieved without resorting to any devices faster than the individual bit rates (except of course 
for the ultrafast laser pulse). The major challenge for implementation is the need for a 
non-linear material suitable for ultrahigh-speed holographic recording (w 1 ns for the 
numbers given above) at reasonable average power levels and at wavelengths suitable for 
optical fiber communications. An additional issue is the requirement of cross-coherence for 
light emerging from distinct fibers. 

The inverse process, in which a spectral hologram is recorded using time-domain signal and 
reference pulses and read-out using a monochromatic, continuous-wave (cw) laser, leads to 
time-to-space mapping of femtosecond optical waveforms. Nuss et a1.“‘j2) used the arrange- 
ment sketched in Fig. 37 for experiments demonstrating such time-to-space mapping. 
Femtosecond signal and reference pulses at - 830 nm are obtained from a mode-locked 
Ti: sapphire laser, and a photorefractive multiple-quantum-well (MQW) device”65’ is used as 
the holographic recording material. Key features of these photorefractive MQWs are a 
response time of .+ 1 PS at an energy density of 1 pJJ/cm’ and a diffraction efficiency of a few 
percent. Read-out is accomplished by using an 850nm cw laser diode, which converts the 
original temporal information into spatial information. The spatial profile of the resulting 
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output beam is given by the electric field cross-correlation between signal and reference pulses. 
A CCD camera or a photodiode array is used to monitor the spatial output beam in real-time. 

In the experiments both signal and reference beams consisted of unshaped 100 fs pulses 
with various relative time delays. As the time delay was varied, the correlation peak was 
observed to sweep linearly across the detector array. The results of this experiment can be 
understood in the following way. At zero relative time delay, the spatial offset between 
reference and signal beams leads to a uniform interference pattern, which is converted into 
a uniform grating by the MQW. When the signal beam is delayed in time, a linear spectral 
phase shift arises in the spectrum of the signal beam. This linear phase shift alters the 
periodicity of the resulting spectral hologram. The cw read-out beam then sees a change in 
the grating period, and this leads to the observed deflection of the read-out beam across the 
detector array. 

Ema et &.@O) have used a related but somewhat different technique to demonstrate 
time-to-space conversion of picosecond pulses. Their experiments used the exciton resonance 
in ZnSe for the non-linearity required for holography. One advantage of this material is a 
very fast response time (IV 13 ps), which would be suitable for demultiplexing of high-speed 
time-multiplexed data for high-speed communications. Difficulties with this material include 
the operating wavelength (442 nm) and the need for cryogenic temperatures. 

4.1.4. Nanosecond spectral holography. Spectral holography performed within a grating 
and lens pulse shaping apparatus is best suited for processing of signals on femtosecond and 
picosecond time scales. This is because the inverse of the spectral resolution obtained using 
gratings is limited to a few hundred picoseconds. On the other hand, processing of 
nanosecond signals may be of interest for applications like optical communications. This can 
be achieved by replacing the diffraction gratings with side-entrance Fabry-Perot etalons 
which offer superior spectral resolution. Mazurenko and coworkers have performed exper- 
iments demonstrating spectral holographic processing of nanosecond light signals by using 
a modified pulse shaping setup containing side-entrance etalons rather than gratings.(‘40”42) 

4.2. Time-domain holography 

A second method for storage and processing of ultrashort pulses is based on time-domain 
holography, as sketched in Fig. 38. Time-domain holography of ultrashort pulses may be 
considered an extension of volume holographic pulse shaping”‘) (Section 3.1.2), much in the 
same way that spectral holography may be considered an extension of pulse shaping by spatial 
masking of spectrally dispersed frequency components. One interesting difference is that 
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FIG. 38. Schematic diagram of ultrashort pulse storage 
FIG. 37. Experimental setup for dynamic time-to-space and processing using time-domain holography. (a) 
conversion using spectral holography and photorefrac- Recording the hologram. (b) Read-out using a short test 

tive quantum wells.‘i621 pulse. 
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pulse processing by volume holography was demonstrated earlier than volume holographic 
pulse shaping. Time-domain holographic storage and processing have been analyzed by 
Mazurenko(‘3s,‘39) and by Roblin et CZ~.(‘~~) 

Recording of time-domain holograms in volume media may be understood either in the 
time- or the frequency-domain. In the time-domain we consider that the interference between 
non-colinear ultrashort signal and reference pulses leads to a spatially modulated fringe 
pattern, due to the different intersection points for parts of the signal at different delays with 
respect to the reference. In the case of a short reference pulse, the envelope of the resultant 
holographic grating is essentially a scaled version of the signal temporal profile. Read-out is 
accomplished by illuminating with a short test pulse, which results in different time delays 
for portions of the test pulse Bragg reflected from different spatial portions of the hologram. 
Assuming weak diffraction efficiency (so that multiple scattering can be ignored), the 
reconstructed pulse is either a real or time-reversed replica of the signal pulse, depending on 
the direction from which the test pulse arrives. 

In the frequency domain one considers that the signal and reference pulses are each 
composed of a series of optical spectral components; a particular spectral component from 
the signal produces a time-average interference pattern only with the identical spectral 
component from the reference. This results in a series of superimposed Bragg gratings, each 
corresponding to a particular optical frequency component. The grating amplitude in the 
frequency domain is the Fourier transform of the grating pattern in real space. During 
reconstruction the individual test pulse frequency components diffract only from the 
corresponding grating to which they are Bragg matched (again assuming no multiple 
scattering). A mathematical description of this process shows that the processing capabilities 
of spectral holography and temporal holography are formally equivalent. 

The first experiments demonstrating temporal holographic processing in this geometry were 
performed by Roblin and coworkers(‘05) using picosecond laser pulses. These experiments used 
a Gires-Tournois interferometer (73) to introduce dispersion resulting in a distorted signal 
pulse. The original and distorted pulses are shown in Fig. 39a, b. The interference between 
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FIG. 39. Experimental results demonstrating picosecond pulse processing by time-domain holog- 
raphy. (a) Original input pulse. (b) Distorted signal pulse obtained using a GiressTournois 
interferometer. (c) Time-reversed version of the signal pulse reconstructed from the hologram by 
using a short test pulse. (d) Restored output pulse obtained by using a distorted test pulse identical 

to the signal waveform.“05’ 
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signal and reference was first recorded in an iron-doped LiNbOj crystal and then read-out 
using either a short test pulse or a distorted test pulse equal to the signal. Illumination with 
a short test pulse results in a time-reversed version of the distorted signal (Fig. 39c), whereas 
a distorted test pulse results in a short output pulse with the distortion removed (Fig. 39d). 
These experiments demonstrate time reversal as well as matched filtering using time-domain 
holography. 

Additional experiments have also been reported. The first studies on the femtosecond time 
scale were performed by Acioli et al., (I) who demonstrated the ability to encode pulses as short 
as N 50 fs in a barium titanate photorefractive crystal. Mazurenko and coworkers have also 
demonstrated temporal holography of simple picosecond”” and femtosecond(‘43) pulses by 
using a polymeric holographic recording material. 

One drawback associated with temporal holography is a trade-off between diffraction 
efficiency and storage capacity (or time-bandwidth product). For short signal and reference 
pulses, the interaction length of the hologram is proportional to the pulse width, and therefore 
for weak diffraction the efficiency scales with the pulse width squared.“05’ As an example, the 
interaction length for a counter-propagating geometry and 100 fs pulses is only N 10 pm 
in a material with index 1.5, and this would correspond to very low diffraction efficiency for 
most known materials, The diffraction efficiency can be improved by moving to a nearly 

’ copropagating geometry, as in the experiments of Acioh, (I) since this increases the interaction 
length. Note, however, that the increased efficiency is achieved by sacrificing time-bandwidth 
product: fewer distinct gratings fit within a fixed size crystal and therefore fewer independent 
temporal features can be stored. It can be shown that there is a direct trade-off between 
diffraction efficiency and time-bandwidth product in time-domain holography.‘232) This 
trade-off does not arise in spectral holography. 

4.3, Pulse processing by spectral hole burning and photon echoes 

A third method for holographic pulse processing involves spectral hole burning and photon 
echoes in inhomogeneously broadened resonant absorbers. Unlike the previous sections, in 
which fringes were recorded in real space, in this method a spectral interference pattern is 
recorded as series of spectral holes burnt into the inhomogeneous line. Pulse processing in 
inhomogeneously broadened absorbers is closely related to proposed frequency-domain 
optical storage systems based on persistent spectral hole burning. Information storage in such 
materials, organized according to various frequency-domain, time-domain, and hybrid 
addressing schemes, has been studied extensively. (‘5’) In the frequency-domain addressing 
schemes, individual bits are stored as individual spectral holes which can be read sequentially 
by using a frequency tunable laser. In the time-domain addressing schemes, first proposed 
by Mossberg, (lS5) information is stored by illuminating the recording medium with a temporal 
bit sequence; the resulting pattern of spectral holes burned into the inhomogeneous line 
corresponds to the Fourier transform of the temporal bit sequence. Information is read-out 
by using a short read pulse, which causes reconstruction of the entire original bit sequence. 
Time-domain storage and pulse processing have been demonstrated experimentally by a 
number of authors. (9.lO.27,28.46,ll3.ll4.l76,l77.2O2) v arious hybrid addressing schemes are also poss- 
ible,(148.‘50) 

Pulse processing with inhomogeneously broadened absorbers is achieved via time-domain 
addressing or photon echoes. The process can be understood intuitively in terms of a simple 
spectral picture, described recently, e.g. by Silberberg et al. (202) The main ideas are summarized 
in Fig. 48,(202) which shows an idealized situation with an infinitely broad inhomogeneous 
absorber and a pair of infinitely short excitation pulses. The two excitation pulses are 
separated by time r (Fig. 40a) and are therefore characterized by a sinusoidally modulated 
power spectrum (Fig. 40b) with periodicity 27r/r. The excitation pulses saturate the 
inhomogeneous absorber, resulting in similarly modulated absorption and refractive index 
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FIG. 40. Simple spectral picture explaining pulse processing with inhomogeneously broadened 
absorbers via photon echoes. (a) Pair of infinitely short input pulses. (b) Corresponding sinusoidally 
modulated power spectrum. (c) Modulated absorption spectrum due to saturation by the input 
pulse pair. An infinitely broad inhomogeneous width and a long dephasing time are assumed. (d) 
Transmitted power spectrum containing new harmonics due to interaction with the modulated 
absorption spectrum. (e) Echo pulses corresponding to these new harmonics. Due to causality only 

echoes occurring after the excitation pulses are allowed.@*) 

spectra (the absorption spectrum is shown in Fig. 40~). The transmitted excitation pulses are 
affected by the absorption and index spectra; as a consequence new harmonics are introduced 
into the transmitted power spectrum, which is still periodically modulated but no longer 
sinusoidally (Fig. 40d). (This process is most easy to understand in the case of accumulated 
photon echo, in which saturation of the population builds up over many pairs of excitation 
pulses, so that the population is essentially constant throughout the duration of any single 

pulse pair.) In the time-domain, these new harmonics mean that echo pulses are created at 
integral multiples of the original time delay r (Fig. 40e). Note that the response of the system 
must be causal; only echoes occurring after the excitation pulses are allowed. The causality 
requirement is satisfied in this picture because the spectral modulations of the absorption and 
phase are related through the Kramers-Kronig relation; as a result echoes generated at f < 0 
due to the absorption modulation cancel out with those generated due to the phase 
modulation. 

Pulse processing by photon echoes can easily be understood in terms of this intuitive 
picture. We consider the case of accumulated photon echoes and assume small-area pulses 
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and weak saturation. We also assume that the pulse separation 5 is much less than the 
dephasing time. In these limits the inversion D (A) for a population of absorbers with resonant 
absorption at w,, is given by:(‘s4202) 

D(A)= 1 - A (E (A)I’ D,, . 

Here A = w, - w is the detuning, E(A) is the spectrum of the excitation pulse pair, D, is the 
equilibrium inversion, and A is a proportionality constant. The echo then results from the 
interaction of the excitation signal with the modulation or grating term in the inversion, as 
follows:‘~o*’ 

p&3 (2) - s dAg(A)E(A)E(A)E*(A)e’“‘. (21) 

The functional form of the echo is closely related to that obtained in spectral holography 
(Eqns 18 and 19) except for the additional factor g(A) representing the inhomogeneous 
lineshape function. This similarity is made more explicit by rewriting the excitation pulse pair 
as E,(A) + E,(A), where E, and E2 are the spectra of the initial pulse and of the second, 
time-delayed pulse, respectively, and by using i$ to denote the spectrum of the read-out pulse. 
With this notation the form of the echo pulse is given as follows: 

p&3 0 ) - s dA g (A)E, (A)E2 (A)E : (A)e’“‘. (22) 

This equation is essentially identical to Eqns (18) and (19) except that the term 
E,(A)E T (A)E, (A) does not appear as a result of the causality requirement. Therefore, photon 
echoes provide essentially the same processing capabilities for shaped pulses as does spectral 
holography. For example, if E, is taken as a short reference pulse and E, is a shaped signal 
pulse, then the echo waveform is the convolution of the signal with the readout waveform 

4. 
To date time-domain storage and processing via photon echoes has been investigated most 

extensively using signals with bandwidths of GHz and below. Many of the types of 
experiments are closely analogous to the types of experiments discussed previously using 
spectral holography, in accord with the close mathematical similarity between these two 
processes. In addition to storage and recall, time reversal, convolution, and matched filtering 
have been demonstrated by several authors. Other applications, such as compression of 
chirped or phase-modulated pulses(“~‘2*‘99’ and encrypted data storage using phase-coded 
writing pulses, (*Oa) have also been discussed. Furthermore, the close duality between time- and 
frequency-domain addressing makes possible a number of interesting hybrid schemes, 
including multiple exposure recording of a time-domain bit sequence”48’ and generation of 
time-domain bit sequences by purely spectral programming.(‘49,262) 

Relatively few studies of pulse processing on an ultrafast time scale have been reported, 
although the principles are the same as for the nanosecond case. (The photon echo technique 
has, however, been widely applied to probe ultrafast dephasing processes.) One of the earliest 
femtosecond experiments was reported by Rebane et al. who demonstrated time reversal of 
a simple two pulse sequence using a dye-doped polymer. ““) Other very interesting studies 
were reported by Silberberg and coworkers, who performed femtosecond echo experiments 
at 1.53 pm in cryogenically cooled erbium-doped optical fibers. (46.20’) Although the processing 
demonstrated was still rather simple (time-reversal and convolution of two pulse sequences), 
this work is particularly intriguing because of the use of optical fibers at a wavelength 
compatible with optical communication systems and fiber-based amplifiers and lasers. 
Furthermore, because doped fibers are easily pumped, this system allowed the first study of 
photon echoes in an inverted system. 
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Additional photon echo processing experiments performed on the picosecond time scale 
have been reported by Saari et u1.~‘07~‘77~‘85~‘86~‘87~ A unique feature of these experiments is that 
both spatial and temporal holographic processing are performed simultaneously. Potentially 
this allows recording of holograms of up to four dimensions (three spatial and one temporal), 
which could be advantageous, e.g. for providing interconnections between two-dimensional 
input and output arrays of data for associative memory applications.“8s’ 

Finally, it is worth briefly comparing and contrasting photon echo pulse processing with 
spectral holography. We have seen that mathematically the two techniques are very similar. 
One difference involves causality: the amplitude and phase of holes burned within inhomo- 
geneously broadened lines must satisfy the Kramers-Kronig relation; this implies that photon 
echoes read out from such spectral holograms can occur only after the read out pulse. For 
spectral holography there is no such restriction: the phases and amplitudes in the spectral 
domain can be set independently; therefore, the reconstructed output pulse can emerge from 
the setup before the transmitted read out pulse! Other differences are related to the materials 
requirements for photon echo type processing: for photon echoes one requires a match 
between the laser and absorber wavelength, must usually operate at cryogenic temperatures, 
and is limited to time scales exceeding the inverse of the inhomogeneous bandwidth (typically 
100 fs or longer). In contrast, spectral holography can utilize broadband, frequency non- 
selective media, which can operate at room temperature and which present no limit in terms 
of a minimum pulsewidth. On the other hand, photon echoes and spectral hole burning in 
inhomogeneous absorbers makes available four dimensions for signal processing (frequency 
plus three spatial axes), whereas at most three dimensions (frequency plus at most two 
independent spatial axes) are available from spectral holography within a pulse shaping 
apparatus. 

4.4. Pulse processing by non -linear interactions of chirped pulses in optical fibers 

As a final example of holography of ultrashort pulses, we consider experiments in which 
a time-delayed pulse pair interacts non-linearly in an optical fiber.““’ Prior to the fiber the 
incident femtosecond pulses are temporally stretched and chirped by a grating pair. This 
results in a temporal separation of the optical frequency components making up the pulse 
pair. The intensity profile in the fiber is equal to a scaled version of the pulse pair power 
spectrum, which is sinusoidally modulated due to the spectral interference between the 
time-delayed pulses. Self-phase-modulation due to the non-linear refractive index in the fiber 
results in the addition of higher harmonics to the initially sinusoidally modulated intensity 
profile and spectrum. Subsequent to the fiber a second grating pair is used to remove the 
chirp; the higher harmonics added to the modulated spectrum remain. These higher 
harmonics in the spectral modulation correspond in the time domain to the creation of new 
pulses before and after the pulse pair at multiples of the original pulse pair delay. 

The explanation given above, involving generation of new harmonics in the spectral 
modulation, has much in common with Silberberg’s explanation of the photon echo discussed 
above. Furthermore, these experiments are also exactly analogous to spectral holography 
performed within the grating and lens pulse shaping apparatus,(246’ particularly for the case 
of collinear signal and reference pulses.(45) 

5. APPLICATIONS OF PULSE SHAPING 

In the previous sections we have concentrated on the technology for shaping and processing 
ultrashort optical pulses. A key importance of this technology is as a new tool opening up 
new applications for ultrashort laser pulses. In this section we review a number of applications 
for shaped pulses in a variety of fields. Our discussion includes ultrafast non-linear fiber 
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optics, optical communications, femtosecond pulse amplification and metrology, and coher- 
ent control of atomic, molecular, and non-linear optical processes, 

5.1. Pulse shaping in ultrafast non-linear fiber optics 

5.1 .I. Dark optical solitons. Optical fibers have proved to be a superb laboratory for 
non-linear optics due to their long interaction length and guided wave geometry which 
separates temporal and spatial degrees of freedom. Hasegawa and Tappert proposed in 1973 
that the non-linear refractive index in glass fibers could compensate for group velocity 
dispersion, resulting in optical solitons which could propagate without dispersion.@*) Since 
then, soliton propagation of bright optical pulses has been verified in a number of elegant 
experiments performed in the anomalous dispersion region of the spectrum (A > 1.3 pm in 
standard single-mode fibers);(‘53,‘s4) recently, solitons have been seriously considered for 
high-speed optical communications over transoceanic distances.““) For normal dispersion 
(n < 1.3 pm), bright pulses cannot propagate as solitons, and the interaction of the non-linear 
index with dispersion leads to spectral and temporal broadening of the propagating pulses. 
However, ‘dark-pulse solitons’, consisting of a rapid dip in the intensity of a broad pulse or 
CW background, are predicted to exist for normal dispersion.@” Pulse shaping has played 
an instrumental role in producing suitable dark input pulses for experiments verifying soliton 
propagation of dark pulses in fibers. 

The forms of dark optical solitons, as well as the fundamental bright soliton, are sketched 
in Fig. 41(21831) using dimensionless ‘soliton’ units. For all solitons the optical intensity is 
related to the pulse width, with higher intensities needed for shorter pulse widths. The 
fundamental dark soliton, also called a black soliton, is an odd function of time, with 
an abrupt n phase shift at t = 0. In contrast, the fundamental bright soliton is an even 
function of time, with a constant phase across the entire pulse. The intensity of the black 
soliton is completely extinguished at t = 0. Other dark soliton solutions, known as gray 
solitons, also exist. The intensity of gray solitons dips only part way to zero. Like black 
solitons, gray solitons also have a non-trivial phase profile, but with a smaller and more 
gradual phase shift than black solitons. The phase function of dark solitons was for many 
years a major obstacle hindering experimental investigation; only through the use of pulse 

Solitons In Optical Fibers 

BRIGHT SOLITONS (d’n/dA* <O) DARK SOLITONS (d’n/dA’>O) 

A=1 A= l,B= 1 A = 1Iv7 , B = -l/fi 

FIG. 41. Bright and dark optical solitons. Bright solitons are bell-shaped pulses with a constant 
phase. The fundamental dark soliton (the black soliton) is an antisymmetric function of time. Its 
intensity is extinguished at t = 0, where it has an abrupt H phase shift. Other dark solitons (gray 
solitons) for which the intensity dips only part way to zero also exist. For all solitons the pulse 

width and the intensity are related.(*‘*) 
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shaping techniques has it been possible to create individual dark pulses with the required 
phase variation. 

Beginning in the late 1980s several experiments on dark pulse propagation were performed 
using visible laser wavelengths. The first experiments were performed by Emplit et al., who 
utilized odd-symmetry dark pulses w 5 ps long generated using the pulse shaping method 
discussed in Section 2.6.(64) Unfortunately, because the characteristic length for soliton 
propagation in the visible exceeded the attenuation length in their fiber, they did not obtain 
clear indications of soliton propagation. Later experiments by Emplit et al. in the near-infra- 
red provided evidence for soliton propagation of 5 ps dark pulses over a 1 km length of 
fiber.@*) Meanwhile Krokel et al.“25’ reported the evolution of an even-symmetry, 300 fs dark 
pulse (produced by the non-linear gating method described in Section 3.2.1) into a 
complementary pair of low contrast dark pulses, which they interpreted as gray solitons; and 
Weiner et aZ.c237) synthesized even- as well as odd-symmetry femtosecond dark pulses, which 
led to a convincing demonstration of fundamental dark soliton propagation, The studies by 
Weiner et al. are described in the following.‘23’~237’ 

Appropriately shaped dark pulses were synthesized by spatial filtering in the grating and 
lens apparatus discussed in detail in Section 2.3. By inserting different mask sets into the pulse 
shaper, either even- or odd-symmetry dark pulses could be obtained. The dark pulses were 
- 185 fs in duration and were superimposed on broader background pulses approximately 
2 ps in duration. Shaped pulses were launched into a 1.4 m length of single-mode fiber, and 
the intensity profile of the pulses emerging from fiber were measured by cross-correlation with 
75 fs reference pulses directly from the laser. Soliton effects are revealed by the behavior of 
the output pulse profiles as a function of optical intensity. 

Experimental results for odd-symmetry input pulses are presented in Fig. 42.‘237’ Figure 42A 
shows a cross-correlation measurement of the input pulse, which is in excellent agreement 
with the desired input pulse (also shown). Measurements of the output pulses from the fiber 
are plotted in Figs 42B-E for various power levels. At the lowest power (1.5 W peak input 
power), propagation is linear. Due to dispersion the input pulse broadens to over 600 fs, and 
the background pulse develops a ringing structure from interference with the temporally 
broadened, frequency-swept dark pulse. (lE3) As the power is increased, the background pulse 
broadens and acquires a square profile because of the combined effects of the non-linear index 
and dispersion. At the same time, the width of the output dark pulse decreases; and at 300 W 
peak input power, the output dark pulse is of essentially the same duration as the input. Thus, 
the dark pulse undergoes soliton-like propagation and emerges from the fiber unchanged, 
even in the presence of significant broadening and chirping of the finite duration background 
pulse. The data are in excellent agreement with computer solutions for the non-linear pulse 
propagation, which are also shown. 

Experiments with even-symmetry dark pulses showed very different behavior.‘237’ At powers 
suitable for soliton propagation, a pair of low contrast gray solitons was observed instead 
of the central black soliton seen for odd input pulses. The data are again in agreement with 
computer solutions for the non-linear propagation of the shaped input pulse and are also 
consistent with the trends observed by Krokel et al. Oar) These experiments demonstrate the 
crucial importance of the dark pulse phase profile: an odd dark pulse propagates undistorted 
as a soliton, while an even dark pulse, which is not itself a soliton, splits into a shallow pair 
of gray solitons. 

Thus, experiments using shaped pulses allow detailed investigation of dark soliton 
properties. In addition to observation of dark solitons and verification of their predicted 
phase profiles, these experiments reveal new information as well. For example: 

l Measurements of odd-symmetry dark pulses at higher input powers(23’,237*254) show that the 
central dark pulse spawns an additional pair of gray solitons, (*‘*) which separate in opposing 
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FIG. 42. Experimental results demonstrating dark soliton propagation in fibers. (A) Intensity 
cross-correlation measurement of an odd-symmetry dark input pulse generated through pulse 
shaping. (B-E) Measurements of output intensity profiles at 1.5, 52.5, 150, and 300 W peak input 
power, respectively. At the highest power levels, the duration of the output dark pulse is identical 

to the input.(237) 

directions from the central black soliton. These data verify predictions that the interactions 
between dark solitons are always repulsive,u6’ so that bound pairs of dark solitons are not 
possible (unlike the case of bright solitons). 

l At still higher powers, the central dark pulse was observed to shift to later times and grow 
shallower.@“) These unexpected observations led to the discovery of a dark soliton 
self-frequency shift, in analogy with the self-frequency shift which occurs for bright 
solitons.(‘47) 

l Dark soliton propagation is remarkably robust against perturbations arising from a finite 
duration background pulse (recall that true dark solitons include a continuous-wave 
background of infinite duration).(2’8*237’ 

5.1.2. Complex solitons. Pulse shaping can also enable experiments on new types of bright 
solitons in the anomalous dispersion regime. In addition to the fundamental bright soliton 
which propagates without change, a series of ‘higher-order solitons’ also exists. These 
higher-order solitons evolve periodically in the fiber, but the original pulse shape and 
spectrum are restored after every integral number of soliton ‘periods’. Higher-order solitons 
have usually been observed by using the same input pulse as for the fundamental bright 
soliton (a secant hyperbolic) and increasing the input power. (‘53~‘54) The required input power 
scales as the square of the soliton number N, which is equal to the number of bound 
fundamental solitons contained in the higher-order soliton. However, higher-order solitons 
can also be observed by using phase-modulated input pulses corresponding to different initial 
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superpositions of the bound fundamental solitons. Haner and coworkers have utilized the 
pulse shaping methods described in Section 3.2.2 to generate appropriate phase-modulated 
input pulses for experiments demonstrating periodic evolution and refocusing of phase-modu- 
lated higher-order solitons. The results of these interesting experiments are summarized 
briefly in Ref. (225), although a detailed report has not been published. Higher-order solitons 
involving input pulse shapes other than the usual secant hyperbolic were also investigated 
theoretically by Akhmediev et al. c4) Their analysis showed that the degree of pulse com- 
pression occurring during the periodic soliton evolution could be substantially greater than 
that observed with secant hyperbolic input pulses. 

5.1.3. Ultrafast all-optical switching. Pulse shaping can also play a role in studies of 
all-optical switching devices, which potentially can operate at speeds much higher than those 
obtainable with electronic or optoelectronic devices. A number of all-optical fiber switching 
geometries have been reported using glass optical fibers,“@” and switching times as short as 
100 fs have been demonstrated. (69) Nevertheless, one rather universal problem arises with 
nearly every all-optical switching device. Because the switching is controlled by the instan- 
taneous optical intensity, switching can occur within a pulse, so that high and low intensity 
portions of the same pulse are directed to different output ports. (68,69,97~“5) Such pulse break-up 
can degrade switching performance in a variety of all-optical switching geometries. In some 
cases the pulse breakup problem can be solved by using solitons in which the entire pulse 
switches as a unit; and for several switching geometries, this strategy has led to considerable 
experimental success. (‘O”) Another solution, which applies not only to switching but also to 
other instantaneous non-linear optical processes, is to use square optical pulses, in which the 
intensity is approximately constant. Below we discuss experiments(253’ in which square pulses 
were used to improve the switching characteristics of an all-optical switching device called 
a non-linear coupler. 

A non-linear coupler, pictured schematically in Fig. 43, consists of two closely-spaced, 
single-mode waveguides in a material with an intensity-dependent index of refraction.uo3) In 
the case of identical waveguides, evanescent field coupling causes low intensity light input into 
guide 1 to transfer gradually into waveguide 2. Complete transfer occurs at the coupling 
length L,, and for longer coupler lengths, power transfers periodically between the two guides. 
When the input intensity is increased, however, the waveguides become detuned due to the 
non-linear index change. Above a critical power P,, coupling is inhibited, and essentially all 
the light remains in the input guide. The calculated switching response of a length L, 

non-linear coupler is shown as the solid lines in Fig. 44,@) in which the fraction of the output 
power emerging from each of the two guides is plotted as a function of input power, for a 
continuous-wave input. 

When the input signal is a pulse, the pulse breaks up according to its instantaneous 
intensity. The low intensity portions of the pulse emerge from waveguide 2, whereas the 
intense central portion of the pulse remains in guide 1. In most switching experiments one 
measures the average power emerging from each output port, and therefore the measured 
switching curves are the CW curves averaged over the pulse intensity profile.(68*69~‘32~222) The 
dashed curves in Fig. 44 show the result for sech2(t) pulses. The averaged response exhibits 
decreased power transfer, softening of the switching transition, and an increased switching 
power. 

FIG. 43. Schematic view of a non-linear directional coupler.(‘03) 
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FIG. 44. Calculated switching characteristics of the non-linear directional coupler, showing the 
fraction of the input power emerging from guide I (straight through) and guide 2 (cross-over). The 
solid lines are for a CW input; the dash-dotted line is for pulsed excitation and is averaged over 

the pulse intensity profile.(68’ 

We now describe experiments in which square pulses were used to reduce pulse breakup 
effects in all-optical switching. (253) The non-linear coupler consisted of a short, one coupling 
length of dual-core optical fiber. The experiments utilized 90 fs, amplified input pulses, which 
could be reshaped into 540 fs square pulses (see Fig. 1lC). The input light was focused into 
a single fiber core, and the output from each of the two cores was measured versus peak input 
power for both unshaped pulses and square pulses. The results are plotted in Fig. 45.(253) 
Compared with the theoretical prediction (Fig. 44), one can clearly recognize the sharper 
switching transition, lower switching power, and enhanced power transfer associated with 
square pulse operation. Thus, through the use of pulse shaping, problems associated with 
pulse breakup in all-optical switching can be largely avoided. 

51.4. Fiber and grating pulse compression. A simple application of pulse shaping to fiber 
and grating pulse compression, referred to as spectral windowing”” was already described in 
Section 2.2. Briefly, under some conditions the extremal frequency components generated by 
self-phase-modulation @PM) in the optical fiber are not linearly chirped and therefore cannot 
be efficiently compressed. By placing a bandpass spectral filter (or spectral window) into the 
grating pulse compressor, one can eliminate these non-compressible frequency components 
which otherwise would contribute to an undesirable pedestal on the compressed pulse. 
Normally the self-phase-modulation spectrum is symmetrical, and therefore the bandpass 
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FIG. 45. Measured non-linear coupler switching characteristics. The experiments are performed 
using normal belLshAped pulses as well as femtosecond square pulses. The use of square pulses 
leads to a sharper switching transition, lower switching power, and enhanced power transferJ2r3) 
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filter is symmetrically placed in the pulse shaper. One interesting exception involves the case 
of high power picosecond pulse compression, in which the compressed power is limited by 
the onset of stimulated Raman scattering (SRS). SRS clamps the energy at the original 
wavelength and due to group velocity walkoff preferentially depletes and sharpens the leading 
edge of the original pulse. UJO) Due to this sharpening the resulting SPM spectrum is broader 
than below the SRS threshold; however, the spectral broadening is asymmetrical with a 
non-linear chirp. Measurements of the spectral phase function’93’ show that the chirp is most 
linear in a spectral region offset from the original center frequency. Subsequent asymmetric 
spectral windowing experiments c9’) demonstrated that high quality pulse compression could 
indeed be achieved, resulting in larger compression factors (70 ps compressed to 550 fs) than 
those attained below the Raman threshold. An additional benefit due to the energy clamping 
effect of SRS is that the compressed pulses are highly stabilized compared to pulse 
compression without SRS. 

5.2. Pulse shaping for optical communications networks 

Optical fibers offer an extremely wide channel for data transmission. The low loss window 
around 1.55 pm in silica fibers has a bandwidth of roughly 20THz. The passband of 
erbium-doped fiber amplifiers (EDFAs) is narrower but still on the order of 4 THz. Either 
way, current lightwave systems exploit only a small fraction of the potential bandwidth. 
Mining this vast bandwidth is important in order to support future advanced network services 
and information superhighways. There are of course several roadblocks to mining the 
bandwidth. In the following(233) we discuss how ultrafast pulse shaping methods based on 
spectral filtering can be used to overcome some of the roadblocks for ultrafast optical 
networks based on time-division multiplexing (TDM), wavelength-division multiplexing 
(WDM), and code-division multiple-access (CDMA). 

5.2.1. Pulse shaping for time-division multiplexing (TDM). One way to mine the fiber 
bandwidth is through time-division multiplexing, which has been the traditional electronic 
approach in telephony and data communications. In TDM the individual bits representing 
data are made as short as necessary in order to assemble all the bits into a single data 
stream. The term multiplexing conveys that although the data rates of any particular user 
may be far less than the total system bandwidth, data from a group of users are assembled 
together (or multiplexed) into a single data stream with a high aggregate data rate. 
Recent state-of-the-art experiments have demonstrated point-to-point transmission of 
optical TDM bit streams at 100 Gbit/s rates. (‘93) This translates into optical bits a few 
picoseconds in duration. Future experiments at higher bit rates will require even shorter 
pulses. Two chief challenges include the need for ultrahigh-speed devices operating at 
extremely high rates and the need to maintain very precise synchronism in a geographically 
distributed network. 

One way in which pulse shaping technologies can help is by forming ultrafast bit streams 
to represent either the address, the data, or both for ultrafast optical packets. Traditionally 
high rate bit streams have been attained in TDM through bit interleaving in which lower rate 
data from multiple sources are interleaved to form one high rate sequence. An alternative 
which would be useful for ultrafast networks would be to assemble the data directly into 
packets rather than interleaving bits. By using pulse shaping and parallel modulation in the 
frequency domain, one could generate such ultrafast packets without requiring any ultrafast 
devices operating at the aggregate bit rate. Two examples of bit sequences already generated 
by pulse shaping methods are shown in Fig. 46. (242.246) These data demonstrate the potential 
to assemble bits of light into packets at rates very much faster than the electronic state of 
the art. 

Finally, in Section 4.1.3, we have already mentioned the possible application of spectral 
holography for demultiplexing of data in high-rate TDM systems. 
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FIG. 46. Examples of ultrafast bit sequences generated by femtosecond pulse shaping.(42.246i 

5.2.2. Pulse shaping for wavelength-division multiplexing (WDM). In wavelength-division 
multiplexing the spectrum is divided into separate wavelength channels, each operating at bit 
rates up to Gbits/s. Compared to TDM this relaxes the need for individual device operation 
and synchronization at the aggregate data rate. Considerable effort is currently focused on 
wide-area WDM optical networks,(s.‘8’ and new capabilities such as optical wavelength 
routing are expected to bring new flexibility to network design. In order to implement WDM 
optical networks, various fixed wavelength and wavelength tunable components are required. 
One issue of interest here is the need for a multiplicity of laser sources to provide the different 
wavelengths required for the WDM channels. The need to closely stabilize the wavelengths 
of multiple independent and geographically separated laser sources is currently considered a 
difficult challenge. 

One possible solution (Fig. 47)(233) is to use a modelocked laser as a self-stabilized source 
of multiple optical wavelengths. (‘6’,233,238) An amplitude modulator array placed within a pulse 
shaping apparatus can be used to place independent data on the individual wavelength 
channels. Thus the need for multiple lasers stabilized at different wavelengths is avoided, since 
all the wavelengths are derived from a single modelocked laser. This possibility of applying 
pulse shaping to dense wavelength-division multiplexing was first mentioned by Weiner 
et al.(238) Recently Nuss et al.“6” confirmed the feasibility of this approach by passing 
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FIG. 47. Concept for dense wavelength division multiplexing by pulse shaping. A multielement 
modulator array is used to modulate individual wavelengths from a broadband source (either a 
modelocked laser or an incoherent source). This scheme would avoid the need for stabilizing the 

wavelengths of multiple independent lasers in a WDM network.(233) 
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Ti: sapphire laser pulses through a pulse shaper containing a SEED array for amplitude 
modulation. The main outstanding challenges are the need for arrays of high-speed 
modulators with low crosstalk and optical bandwidths centered around 1.5 pm and spanning 
the 30 nm EDFA passband or for integrated devices fulfilling the same function as the pulse 
shaper. 

5.2.3. Pulse shaping for code-division multiple-access (CDMA). Code-division multiplex- 
~~g(l88,l89.i90,25l) is a hybrid of TDM and WDM in which each user’s signals are overlapped in 
time and frequency simultaneously. This is a form of spread spectrum communications, (204) 
which was developed for military communications and is currently being applied for cellular 
wireless communications. One interesting scheme for high-speed optical CDMA is based 
on spectral phase filtering of coherent ultrashort optical pulses. (191.239s251.252) As pictured in 

Fig. 48,(239J multiple-access is achieved by assigning different minimally interfering codes (or 
‘keys’) to the various transmitters. Multiple transmitter and receiver stations are connected 
via a fiber star coupler. Each transmitter is equipped with an ultrashort pulse source which 
it encodes into a pseudonoise burst by phase filtering. The transmitted data are combined 
and broadcast to the receiving stations. Each receiver is equipped with a spectral phase 
decoder (or ‘lock’). Data encoded with a key matched to a receiver’s lock (access code) are 
restored to intense ultrashort pulses which can be detected using an optical thresholder. Data 
encoded using an incorrect key are rejected by the thresholder. 

In this ultrafast CDMA scheme each transmitter-receiver pair would operate at rates up 
to Gbits/s compatible with current device technology. A bit-error-rate analysis has shown that 
CDMA should support tens to hundreds of simultaneous users for aggregate throughputs up 
to several hundred Gbit/s. Us’) Key advantages of CDMA are that device operating speeds and 
synchronization are required only at the individual bit rates, not at the much higher aggregate 
data rate. Furthermore, CDMA may also simplify some important aspects of network 
control. For example, since the number of possible codes is much larger than the number of 
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FIG. 48. Schematic diagram of code-division multiple-access (CDMA) network based on spectral 
encoding of coherent ultrashort light pulses.(239) 
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wavelengths making up the code, CDMA can provide a much larger address space than 
WDM, and this may influence network access protocols. Challenges for implementing 
ultrafast CDMA include the need for dispersion compensation (since phase coding is used), 
which will likely limit the application of this scheme to short-haul networks, as well as the 
need for practical femtosecond pulse sources and ultrafast non-linear threshold devices. 

The role of pulse shaping for coherent ultrashort pulse CDMA is to perform the crucial 
encoding and decoding operations. Encoding of ultrashort pulses can be achieved by utilizing 
pseudorandom phase patterns to scramble (encode) the spectral phases. An example of 
encoding by using a fixed pseudorandom phase mask is shown in Fig. 49.(239) The clear 
aperture of the mask is divided into 44 equal pixels, each of which corresponds to a phase 
shift of either zero or rc, and was fabricated by using microlithographic patterning techniques, 
as described earlier. Figure 49a shows a measurement of the intensity profile of the encoded 
waveform. Spectral encoding spreads the incident femtosecond pulse into a complicated 
pseudonoise burst within an - 8 ps temporal envelope. The peak intensity is reduced to - 8% 
compared to that of an uncoded pulse of the same optical bandwidth. For comparison, the 
theoretical intensity profile, which is the square of the Fourier transform of the spectral phase 
mask, is shown in Fig. 49b. The agreement between theory and experiment is excellent. 

To reconstitute the original femtosecond pulse, a second, phase conjugate mask is used to 
unscramble (decode) the spectral phases, thus restoring the initial pulse. If the encoding mask 
matches the decoding, phase conjugate mask, like a key to a lock, then any phase changes 
introduced by the first mask are undone by the second, and the original ultrashort pulse 
emerges unaffected. On the other hand, if the second mask does not match the first, the phases 
are rearranged but not unscrambled, and the waveform remains a low-intensity pseudonoise 
burst. Figure 50 represents data that demonstrate decoding.‘239) Figure 50A shows the 
intensity autocorrelation measurement of the incident, uncoded pulse together with that of 
the encoded pseudonoise burst of Fig. 49. The contrast ratio of - 25 : 1 illustrates the dramatic 
reduction in intensity that accompanies encoding. Figure 50B shows the autocorrelation 
traces obtained when using a second mask for decoding. When the second mask is phase 
conjugate to the first, the initial pulse is restored, without apparent broadening. When the 
second mask does not match the first, decoding is unsuccessful; the resulting autocorrelation 
appears similar to that of the encoded pulse. The dramatic contrast in the peak intensities 
could be used in a CDMA system to discriminate between correctly and incorrectly addressed 
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FIG. 49. Spectral phase coding of femtosecond pulses. Top: intensity cross-correlation measure- 
ment of a pseudonoise burst generated by using a pseudorandom phase pattern (inset) as a pulse 

shaping mask. Borrom: theoretical intensity profile.“39’ 
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FIG. 50. Decoding of spectrally encoded pulses. Top: intensity autocorrelation measurements of 
the original pulse before and after spectral phase coding. Bottom: autocorrelations after using a 
second mask for decoding. When the second mask is conjugate that used for encoding, the pulse 
is restored; when the masks do not match, a pseudonoise burst remains. The dramatic intensity 
contrast can be used to distinguish between wanted data and multiaccess interference in a CDMA 

network.(239) 

information. Even larger contrasts have been demonstrated by increasing the length of the 
code and by using low peak factor codes such as maximal length sequences (M sequences).(238) 

We also note that pulse shaping can be utilized to achieve the dispersion compensation 
necessary for ultrashort pulse CDMA. One can compensate for a constant (wavelength 
independent) dispersion simply by adjusting the grating separation in the pulse encoding or 
decoding setup. One can also use programmable phase modulators or deformable mirrors as 
pulse shaping masks in order to compensate for cubic or even higher order dispersion, as 
discussed in Sections 2.3.2 and 2.3.3, respectively. Spectral holography and other holographic 
pulse processing methods can potentially be applied to implement a self-aligning dispersion 
compensation capability, in which the system automatically adjusts to match the dispersion 
of the incoming signal (see Section 4.1.2). 

Recently another optical CDMA system has been proposed in which encoding is performed 
by means of spectral amplitude filtering within a pulse shaping apparatus.‘263’ Interestingly, 
no femtosecond pulses are needed in this scheme; only a broadband light source, such as an 
LED, would be required. This would simplify implementation for several reasons, e.g. due 
to the use of an integrated light source and because fiber dispersion would be less important. 
Encoding and decoding would be performed by using amplitude masks (ones and zeroes) 
patterned according to an M sequence. The analysis indicates that for a code length of 511, 
the system should be able to support 200 users at 500 Mbit/s at a 10m9 bit error rate. 

Finally, we briefly refer to optical CDMA schemes based on the use of various types of 
fiber optic tapped delay lines. The CDMA concept is similar to that discussed earlier in this 
section, except that fiber tapped delay lines rather than pulse shapers are used for encoding 
and decoding. Further information about these schemes, which have been investigated by a 
number of researchers, can be found in some of the following references. (30.77.78.134.135.172.192) 

5.3. Pulse shaping for chirped pulse ampl@ication 

Chirped pulse amplification (CPA) “33.‘69) has become a widespread tool for generation of 
ultrahigh-power picosecond and femtosecond pulses for applications such as high-harmonic 
and X-ray generation and laser generated plasmas. In brief, the pulse to be amplified is first 
stretched (chirped) in a dispersive delay line in order to reduce the peak intensity. This avoids 
optical damage and unwanted non-linear optical effects during the amplification process. 
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After amplification the chirped pulse is recompressed to the bandwidth limit. To date chirped 
pulse amplification has yielded, e.g. pulses with durations of -30 fs at energies above 
100 mJ.(“) This corresponds to peak powers in the multi-terawatt range! 

One key issue in applying CPA for extremely short pulses (pulses below 10 fs have 
generated directly from Ti:sapphire laser oscillators) is the need to compress to the shortest 
possible duration. In high-power CPA systems, pulses may be stretched by a factor of 10,000 
or more. Extremely slight phase aberrations will result in recompressed pulses longer than 
the bandwidth limit. Furthermore, gain narrowing during amplification which reduces the 
optical bandwidth can also lead to pulse broadening. Pulse shaping methods can potentially 
address both of these difficulties. 

Ideally, pulse stretchers and compressors based on grating pair dispersive delay lines can 
be perfectly matched, so that the phase characteristics of the stretcher and compressor are 
matched to all orders.(‘37’ This requires that the angles of incidence and the effective grating 
separations in the stretcher and compressor are identical. However, multiple passes through 
an amplifier medium in a regenerative amplifier contributes extra dispersion which adds to 
that of the stretcher. In order to compensate this extra dispersion, the separation in the 
compressor must be different than in the stretcher; this mismatch leads to phase aberrations 
which degrade the compressibility of the amplified pulse. (Note that similar difficulties have 
been reported in connection with pulse shaping experiments using 20 fs pulses due to passage 
through a lens pair!“*‘) Two methods for avoiding such phase aberrations have been reported: 

l The first method utilizes a stretcher and compressor in which both grating separation and 
angle of incidence are mismatched. A ray-tracing analysis has indicated that by carefully 
selecting the orientation and separation of the expander and compressor elements and the 
amount of optical material in the amplifier chain, it should be possible to eliminate linear 
phase distortions up to fifth order.“27) 

l A second method, which can be ‘tweaked’ experimentally, is closely related to pulse shaping 
techniques. (2’2,2s5) In this method the pulse stretcher incorporates an air-spaced doublet lens 
as the imaging element. Varying the transverse offset of the lenses results in a nearly cubic 
spectral phase variation, while varying the separation of the lens leads to a nearly quartic 
spectral phase variation. Basically, the lens pair acts as a pulse shaping phase mask, with 
the phase as a function of transverse position (equivalent to wavelength) controlled by 
varying the lens positions. 

Gain narrowing can also be combated via pulse shaping techniques. Barty et al. have 
utilized a spectral amplitude mask in their pulse stretcher to attenuate the central part of the 
input spectrum. (13) This artificial spectral broadening then compensates for the subsequent 
gain narrowing effects. Using a 25 fs input pulse, Barty achieves amplified pulse durations 
of 28.5 fs; without spectral amplitude masking he reports 45 fs output pulses. Note that in 
principle spectral amplitude masking can also be used to broaden spectra and reduce pulse 
durations in non-amplified systems. Such spectral broadening, however, comes at the cost of 
reduced pulse energy. In amplified systems this lost energy is recovered if the amplifier is 
operated in saturation. 

5.4. Pulse shaping for ultrashort pulse shape measurement 

Complete characterization of the complex electric field of femtosecond pulses (i.e. 
measurement of the optical intensity and phase) is a topic of considerable current interest. 
In the standard intensity autocorrelation measurement performed via second harmonic 
generation, unique determination of the optical intensity profile is not possible; in addition, 
all phase information is lost.‘99’ Interferometric autocorrelations retain some chirp (phase) 
information, but still the pulse shape cannot be uniquely determined.‘56’ Recently a frequency 
resolved optical gating technique (FROG) which measures the spectrogram of an ultrashort 
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pulse has been proposed and demonstrated. (‘08~‘09~22’) By means of iterative computer 
optimization techniques, the spectrogram can be inverted to yield the complex electric field 
profile. Spectrally resolved autocorrelation measurements (using second harmonic gener- 
ation) have also been performed, *(‘67~‘68) this technique is a particularly convenient form of 
FROG. Another group has analyzed the use of electro-optic ‘time-lenses’, discussed in Section 
3.2.4, to measure the Wigner representation of an ultrashort pulse.(‘4) 

In addition, pulse shaping methods for determining the complex field profile have also been 
demonstrated. In the following we discuss examples of pulse shaping methods for pulse shape 
characterization. 

The simplest such method was demonstrated by Chilla and Martinez.‘35x36’ As shown in 
Fig. 51, the pulse to be measured is sent through a zero-dispersion pulse shaping apparatus. 
The pulse shaping mask is simply a narrow slit. As discussed in Section 2.3, this converts the 
input pulse into a much broader pulse with a sine-function profile (see Fig. 7). Chilla and 
Martinez pointed out that the time delay of the synthesized pulse (z) is given by the first 
derivative of the phase with respect to optical frequency, evaluated at the center frequency 
of the slit (w,): 

(This principle was also used in order to achieve pulse position modulation of ultrashort 
pulses-see Section 2.3.2.1.) By measuring output pulse delay as o, is varied, one obtains the 
complete spectral phase profile 4 (0). If one also measures the power spectrum IE (w)I* by 
using a standard monochromator, then the complex electric field spectrum E(w) is completely 
specified. The complex electric field in the time domain is obtained by a simple Fourier 
transform. 

A related pulse shaping method for measuring the spectral phase uses a mask which 
contains two narrow slits.(93) As discussed in Section 2.3, this selects two isolated frequency 
components which interfere in the time domain to form a high frequency tone burst (see Fig. 
8). The phase of the temporal beat note (i.e. the temporal location of the peaks and nulls) 
is determined by the phase difference between the two selected frequency components. 
Therefore, one can measure the spectral phase 4 (0) by performing a series of measurements 
in which the temporal beat pattern is recorded as the position or separation of the slits are 
varied. Heritage and coworkers used this technique to measure the spectral phase of 
subpicosecond pulses obtained via fiber and grating pulse compression in the presence of 
stimulated Raman scattering. (93) Weiner et al. subsequently used a similar strategy to calibrate 
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FIG. 51. Pulse shaping method for measuring spectral phase profiles of ultrashort pulses. The pulse 
shaper contains a slit which slices out a narrow frequency band from the original pulse. The delay 
of the resulting shaped pulses gives the derivative of the phase with respect to frequency. (Adapted 

from Ref. (36).) 
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the phase response of a liquid crystal modulator array used for programmable femtosecond 
pulse shaping. c2~) In this case the measurement focused on the spectral phase of the 
(programmable) pulse shaping mask inserted within the pulse shaping apparatus rather than 
the phase of the input pulse itself. 

Finally, we mention a technique demonstrated in the mid-1980s specifically geared to 
measuring the temporal phase profile of highly chirped pulses.(‘s’~‘s2~‘s3) High power pulses 
(- 6 ps in duration) were spectrally broadened and chirped due to self-phase-modulation in 
a single-mode optical fiber. By using a grating pair to compensate the chirp, these pulses were 
compressed to -200 fs. In order to measure the phase of the chirped pulses, a time-domain 
interferometry technique was utilized in which the chirped pulses were sent into a 
Mach-Zehnder interferometer. One arm of the interferometer contained a narrow-band filter 
(both etalons and atomic vapors were used). The light passed by the filter is relatively 
monochromatic and corresponds to a long pulse with a constant phase. The interference 
between this constant phase pulse and the original chirped pulse produces a temporal intensity 
modulation at the output of the interferometer which reflects the chirp. Thus, this time-do- 
main interferometry technique encodes the phase modulation into an intensity modulation 
which can be measured by performing an intensity cross-correlation with the short com- 
pressed pulse. The use of a filter to narrow the spectral width of the pulse to be measured 
is a significant similarity with the pulse shaping methods described above. The main 
differences are that this technique applies best to highly chirped rather than nearly 
transform-limited pulses and that the phase is measured in the time domain rather than in 
the frequency domain. 

5.5. Pulse shaping for coherent control of atomic and non-linear optical processes 

Specially shaped pulses can be used for controlled excitation of atomic, non-linear optical, 
and molecular processes. In this section we discuss pulse shaping applications to non-linear 
optics and atomic physics; applications in chemistry are discussed in the following section. 

As a first example we discuss work by Broers et al. in which pulse shaping was applied 
for selective excitation of multiphoton processes. (22,23) In particular, pulse shaping was utilized 
to achieve ‘spectral focusing’ in second harmonic generation and two photon absorption. The 
concept is as follows. Femtosecond pulses can be useful for excitation of multiphoton 
processes since their high intensity contributes to good conversion efficiencies. The effective 
bandwidth at the two-photon level (which depends somewhat on the pulse shape) is on the 
order of the bandwidth of the exciting laser pulse at the fundamental frequency. However, 
in some circumstances one may desire a much narrower bandwidth for the excited two photon 
process. Although this can be achieved by narrowing the bandwidth of the fundamental laser 
pulse by spectral slicing, this reduces the fundamental pulse intensity; consequently, the 
two-photon conversion efficiency is substantially degraded. Pulse shaping can be used to 
achieve high conversion efficiency and a narrow two-photon bandwidth, as described below. 

The key is that the Fourier transform of the effective field which drives the two photon 
process, E’*‘(o), can be expressed as the self-convolution of E(w), the spectrum of the 
original pulse:‘22,23) 

E’2’(~) = dw’ E(o’)E(w - CO’). (24) 

Thus, the strength of a particular frequency component at the two photon level is found from 
the summation of all the pairs of frequencies from the fundamental pulse that add up to that 
particular frequency. For unchirped fundamental pulses peaked at o,, E”‘(w) peaks at 204, 
and has width comparable to that of E (CO). On the other hand, E(‘)(w) can be very sensitive 
to chirp, since different fundamental frequency pairs contributing to a particular two photon 
frequency add with different phases. (24) Generally this means that chirped fundamental pulses 
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will have a lower two photon conversion efficiency than unchirped pulses. However, by using 
chirped pulses together with a spectral amplitude mask to eliminate those frequency pairs 
which contribute out of phase to the central frequency 2~4, Broers et al. were able to attain 
good conversion efficiency at 204, in both second harmonic generation and two photon 
absorption.(z2,23) Two photon frequencies other than 20, were not enhanced, since the 
amplitude mask does not select pairs of fundamental frequency components appropriate for 
other two photon frequencies. Thus, good efficiency and a narrow excitation spectrum are 
achieved simultaneously in two photon processes. As discussed by Broers et al., this ‘focusing 
of spectral energy’ is analogous to focusing in free-space by a Fresnel zone-plate. As one 
application of this concept, the authors demonstrated wavelength-selective two photon 
excitation of Rydberg states in rubidium, using tailored femtosecond pulses with bandwidths 
significantly exceeding the spacing of the Rydberg levels. 

Additional experiments aimed at wave packet control in Rydberg atoms have been reported 
by Bucksbaum et al. W) In particular, the femtosecond excitation pulses were spectrally sliced 
(amplitude filtered) in a pulse shaping apparatus in order to selectively excite Rydberg levels 
in a cesium atomic beam. Unlike the spectral focusing experiments above, the input pulses 
were not chirped, and several levels (rather than a single level) were selected. 

The use of femtosecond pulse shaping for laser generation of large amplitude, relativistic 
plasma waves (with application to ultrahigh-gradient electron accelerators) was also recently 
proposed. (224) In particular, it was shown theoretically that by using an appropriate 
femtosecond pulse sequence, one could in principle drive plasma oscillations to larger 
amplitudes than possible with a single pulse of the same total energy. By using a pulse 
sequence, one could compensate for the change in plasma frequency arising when the plasma 
enters the large amplitude, non-linear regime, in addition to avoiding various laser-plasma 
instabilities through the use of lower peak intensities. The proposed use of pulse trains to 
lower the peak intensity is analogous to experiments in which femtosecond pulse sequences 
were used to enhance optical phonon oscillations in molecular crystals(248q249)-see the next 
section. Experiments verifying the use of pulse shaping to enhance laser plasma oscillations 
are reported to be in progress.(224) 

Finally, pulse shaping would also play a role in a recently proposed method for 
subfemtosecond (attosecond) pulse generation. (42,43) The method is based on the strong 
sensitivity of high harmonic generation to the polarization of the fundamental laser pulse. 
By using a femtosecond fundamental pulse with time-varying ellipticity, one could generate 
high harmonics only during a very narrow slice of the input pulse with the appropriate 
polarization state, resulting in a subfemtosecond high harmonic pulse. Generation of the 
input pulse with appropriate time-dependent ellipticity could be realized through suitable 
modification of the liquid crystal pulse shaping technique of Section 2.3.2.1. 

5.6. Pulse shaping for coherent control in chemistry 

Specially shaped femtosecond laser pulses may make possible optical manipulation of 
ultrafast molecular motions and chemical events. Since shortly after the advent of the laser 
over three decades ago, chemists and physicists have attempted to use lasers for selective 
breaking of bonds in polyatomic molecules. However, most of this effort was unsuccessful, 
since in all but the simplest molecules, intramolecular energy redistribution thwarted attempts 
to deposit energy in a single localized bond. Rather recently, chemical physicists have 
recognized that the manipulation of constructive and destructive interferences associated with 
quantum mechanical wave packet motion in molecules offers new hope for laser controlled 
chemistry, and this has stimulated new activity in this ‘coherent control’ area (as summarized 
in several review articles).(‘z3.175.‘79,226.227.260) 

Progress towards achieving laser control over ultrafast molecular motions requires both 
theoretical and experimental ingredients. On the theoretical side, the incorporation of optimal 



Femtosecond optical pulse shaping and processing 225 

design concepts into the molecular control field now provides a prescription for calculating 
the laser fields needed to achieve specified quantum mechanical objectives. On the experimen- 
tal side, one must generate the highly structured femtosecond laser waveforms calculated in 
the many theoretical studies of molecular control. Thus, femtosecond pulse shaping is a key 
technology enabling experimental tests of recent molecular control theories. To date, 
experimentation is still at a rather early stage, and only some rather simple experimental 
demonstrations have been reported. In the following we summarize some of these experiments 
in chemical as well as semiconductor systems and comment on further prospects for coherent 
control. 

We note briefly that coherent control may also be possible without ultrafast pulses. A 
variety of control schemes using continuous-wave, narrow linewidth lasers has also been 
proposed; these schemes are based on manipulation of interfering quantum mechanical 
pathways leading to degenerate final quantum mechanical states.(25.29,‘98) Some simple 
experimental confirmations of such ‘frequency-domain’ control in diatomic molecules have 
been reported. (33,34~‘64) However, in the following we will restrict our attention to time-domain 
control schemes in which shaped ultrashort pulses are utilized. 

5.6.1. Multiple pulse impulsive stimulated Raman scattering. One of the first applications 
of pulse shaping for molecular control involved the use of timed sequences of femtosecond 
pulses to drive selected optical phonons in an organic crystal through multiple pulse impulsive 
stimulated Raman scattering (ISRS). (248+249) The build-up of coherent vibrational motion in 
these experiments is closely analogous to the way a child on a swing is pushed repetitively 
to achieve an increased oscillatory motion. 

In ISRS, ultrashort laser pulses initiate coherent vibrational motion by exerting a sudden 
(‘impulse’) driving force on Raman-active vibrational modes. (258) For this to occur, the pulse 
duration must be short compared to the vibrational oscillation cycle. ISRS is a completely 
time-domain analog to the more usual frequency-domain coherent Raman excitation 
techniques, in which the frequency difference between two tunable lasers is adjusted to match 
the vibrational frequency. One advantage of the time-domain approach is the ability to 
directly observe time-dependent phonon oscillations on a femtosecond time scale. 

In multiple-pulse ISRS (Fig. 52),(248*249) a timed sequence of femtosecond pulses is used for 
repetitive excitation of coherent vibrational motion. For pulse repetition rates matched to the 
natural phonon frequency, enhanced vibrational motion can be achieved. Excitation of other 
phonon modes with frequencies not matched to the pulse train are suppressed by this 
technique. The time-dependent vibrational response is monitored by measuring the coherent 
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FIG. 52. Schematic experimental setup for multiple pulse impulsive stimulated Raman scattering, 
in which a timed sequence of femtosecond pulses is used for repetitive excitation and selective 

amplification of coherent vibrational motion.‘““’ 
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scattering (or diffraction) intensity of a temporally delayed probe pulse from the standing 
wave phonon grating. 

Initial experiments were performed using amplified pulses from a CPM dye laser at 620 nm 
to excite optical phonons in a-perylene molecular crystal. (248~249) The a-perylene was cooled 
to cryogenic temperatures and is transparent at the 620 nm excitation wavelength. Pulse 
sequences were generated with low loss by means of phase-only filtering pulse shaping 
techniques (see Section 2.5). A variety of phase filters with different periodicities, correspond- 
ing to pulse trains with different repetition rates, were fabricated on a single pulse shaping 
mask. By selecting the appropriate phase filter, the pulse repetition rate could be tuned 
experimentally to match the optical phonon frequency. 

Figures 53 and 54 show single-pulse and multiple-pulse ISRS data from a-perylene, 
respectively.(248v249’ The single pulse data consist of a sharp peak at time r = 0, due to the 
essentially instantaneous non-linearity associated with distortion of the electronic wave 
functions, followed by a quasi-periodic signal due to optic phonons excited through ISRS. 
Two points are of note. First, the intensity of the ISRS signal is only about 4% of that due 
to the electronic response (which serves as an internal calibration of the ISRS signal). Second, 
the ISRS diffraction intensity presents an irregular pattern caused by beating between several 
simultaneously excited phonon modes. A Fourier analysis of the scattering data (not shown) 
shows a complicated series of lines corresponding to sum and difference frequencies of several 
known low-frequency a-perylene modes. These results illustrate two main limitations of ISRS 
using single-pulse excitation-namely, small vibrational amplitudes and lack of mode 
selectivity. 

Multiple-pulse excitation (multiple-pulse ISRS) can help improve the control over molecu- 
lar motion available with ISRS. Figure 54a shows the intensity profile of a 2.39 THz 
(79.6cm-‘) excitation pulse train, timed to match the vibrational period of the 80cm-’ 
librational mode, and Fig. 54b shows the resulting ISRS signal. Initially, the signal is 
dominated by the crystal’s electronic responses to each of the pulses in the sequence. 
However, as the pulse train progresses, the vibrational signal builds up. By the end of the 
input pulse train, the ISRS signal is as intense as the strongest electronic scattering peak. 
Furthermore, the ISRS signal remaining subsequent to the excitation pulse train oscillates at 
a single frequency. These observations clearly demonstrate considerable vibrational amplifi- 
cation and enhanced mode selectivity. 

3 8 13 18 
Time (psec) 

FIG. 53. Single pulse ISRS data for or-perylene molecular crystal at _ 10 K. The data consist of 
a sharp peak at time t = 0, due to the essentially instantaneous electronic non-linearity, followed 

by a quasi-periodic signal due to several optic phonons excited through ISRS.Cz48’ 
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We note that the vibrational amplitudes in both single- and multiple-pulse ISRS are 
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FIG. 54. (A) Measured intensity profile of a 2.39 THz. (79.6 cm-‘) excitation pulse train, timed 
to match the vibrational period of a-perylene’s 80 cm-’ hbrational mode. (B) Resulting multiple- 
pulse ISRS signal. The vibrational signal builds up as the pulse train progresses. Only a single 
phonon is excited, and the vibrational signal is now as strong as the electronic scattering peaks.‘248) 

proportional to the total pulse energy. Thus, splitting a single pulse into a multiple pulse train 
of equal energy does not lead to increased vibrational motion, although selective excitation 
of a single vibrational mode can be achieved in this way. Multiple-pulse ISRS can contribute 
to achieving larger vibrational excitation by lowering the peak optical intensity, which in some 
cases helps to avoid unwanted optical responses, such as multiphoton absorption, continuum 
generation, and sample damage. In ISRS experiments in a-perylene so far, the achieved 
coherent vibrational motions have remained in the small amplitude limit (e.g. N 1O-4 8, for 
translational modes, N 0.001’ for librational modes).(249.26’) 

Multiple-pulse ISRS has also been used to excite phonon-polaritons in electrooptic crystals 
such as LiTaO 3 .(256) Multiple-pulse excitation was particularly useful for performing exper- 
iments at low temperatures, where single pulse experiments were hindered due to photorefrac- 
tive sample damage. With multiple pulse excitation, photorefractive damage was avoided due 
to lower peak intensities. 

5.6.2. Time-resolved molecular spectroscopy using phase-locked pulse pairs. Scherer and 
coworkers have demonstrated a novel form of time-resolved spectroscopy in which 
phase-locked pulse pairs are used to excite molecular samples.(‘“*‘96*‘97) The phase-locked 
pulse pairs for these experiments are generated by using phase-stabilized interferometers, 
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as described in Section 3.1.1. One set of experiments measured the fluorescence yield 
from molecular iodine excited by a femtosecond pulse pair with a well defined phase 
relation. The data showed dramatic oscillations as a function of the time delay between the 
excitation pulse pair. Furthermore, the details of the oscillation were dependent on the 
relative phases of the two pulses. This behavior was explained in terms of the quantum 
interference between the excited state nuclear wave packets created by each of the two 
excitation pulses. 

An equivalent way of interpreting these experiments uses a frequency domain picture. One 
considers the power spectrum corresponding to the pulse pair and matches the optical 
frequency components to the molecular absorption spectrum. The overlap determines the 
total absorption and hence the fluorescence. Thus, these ‘fluorescence-detected wave packet 
interferometry’ experiments are a type of optical Fourier transform spectroscopy, with 
recorded data essentially given by the Fourier transform of the absorption spectrum.‘227’ By 
performing experiments with both in-phase and in-quadrature pulse pairs, Scherer et al. were 
able to sense not only the imaginary part of the susceptibility (i.e. the absorption spectrum) 
but the real part (the refractive index spectrum) as we11.(‘95,‘96) 

In addition, the use of phase-locked pulse pairs for various third-order, non-linear 
spectroscopies has been analyzed. The analysis showed that combining phase-locked pulse 
pairs with heterodyne detection should allow separate determination of the real and 
imaginary parts of the non-linear material response function.“” 

56.3. Picosecond adiabatic rapid passage. Both of the experiments described above 
correspond to weak field experiments, in the sense that the output signal is proportional to 
some power of the input field strength. c2*‘) Warren and coworkers have performed picosecond 
adiabatic rapid passage experiments which operate in the strong field regime. In adiabatic 
rapid passage experiments,‘@ one excites the sample using chirped pulses with a power 
spectrum spanning an absorption level of interest. At high fields in a two-level atom, this 
results in a complete population inversion independent of the details of the chirp or the exact 
laser intensity, provided that the Rabi frequency is sufficiently high to maintain the adiabatic 
condition. Warren et al. used this rapid passage effect in experiments with chirped picosecond 
pulses in (atomic) sodium vapor where the optical power spectrum spanned the two sodium 
D-line absorptions near 589 nm. (‘@) Ideally the chirped pulse inverts the first absorption level 
with which it overlaps, leaving no population available for absorption into the second 
absorption level. The sodium experiments confirm the ability to selectively excite either D line 
depending on the sign of the chirp. Experiments were also performed in (molecular) iodine 
vapor. (14~) Here the dense multilevel character of the molecular absorption spectrum makes 
interpretation of the experiments considerably more complex; nevertheless, the data showed 
the ability to increase the overall population in the excited state by using chirped pulses. Two 
important points concerning these adiabatic passage experiments are their robustness with 
respect to laboratory variations and the fact that only very simple pulse shaping methods (a 
grating pair) are required. 

5.6.4. Coherent control of charge motions in semiconductors. Coupled quantum wells in the 
GaAs/AlGaAs material system show promise as a solid-state laboratory to test coherent 
control. One design, which has been used in several pioneering experiments at AT&T Bell 
Laboratories,“28*‘80) is pictured in Fig. 55 (left). One wide well and one narrow well are 
separated by a thin barrier region. An electric field is applied to tilt the energy bands. When 
the lowest electron energy levels in the two wells line up, the two wells couple effectively, 
leading to an energy level splitting and a delocalization of the wave functions across the two 
wells. When a short optical pulse excites from the valence band in one well into a 
superposition state in the conduction band, this results in an oscillatory motion of the electron 
back and forth from one well to the other. Such oscillatory charge motions have been 
observed by several experimental techniques such as four-wave mixing(i2*) and detection of 
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Femtosecond optical pulses THz radiation 

2 
1 

FIG. 55. L..ej?: schematic diagram of degenerate coupled quantum wells. An applied electric field 
aligns the energy levels in the two wells, leading to energy level splitting and electron delocalization 
across the two wells. Right: absorption of a short optical pulse leads to a charge oscillation between 
the two wells, resulting in emission of coherent terahertz radiation. (Adapted from Ref. (129).) 

terahertz (THz) radiation. w’) The clear observation of coherent quantum mechanical charge 
oscillations in condensed matter in these experiments has led to considerable excitement. 

In addition to experiments using single laser excitation pulses, simple experiments using 
multiple-excitation pulse sequences for excitation of coupled quantum wells have also been 
performed and have achieved a measure of coherent control. In one experiment an 
interferometer was used to split an incident pulse into a phase-locked pulse doublet, which 
was used to excite the coupled quantum well sample. Studies of the THz emission as a 
function of the delay and phase of the second pulse clearly revealed the importance of the 
optical phase in reinforcing or canceling the induced charge oscillation-see Fig. 56.(i2g~‘7’) A 
second experiment used phase-only filtering in a pulse shaping setup to generate a train of 
pulses spaced at the natural charge oscillation frequency. (‘O) The optical phase varied from 
one pulse to the next (see Section 2.5), and as in the phased-locked pulse pair experiments, 
the THz data revealed the sensitivity of the charge oscillation dynamics to optical phase. Note 
that this phase dependence is unlike the multiple-pulse ISRS case (Section 5.6.1) for which 
similar pulse trains were used. The explanation for this difference is that unlike the quantum 
well experiments, the ISRS experiments were performed away from any absorption reson- 
ances and were therefore sensitive only to optical intensity. 
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FIG. 56. Measurement of terahertz radiation generated from a phase-locked pulse pair incident 
on the degenerate coupled quantum well. When both pulses are in phase, the radiation is reinforced; 

when the pulses are out of phase, the radiation is suppressed.““) 
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It is interesting to note that neither the two-pulse nor the multiple-pulse quantum well 
experiments resulted in THz signals and charge oscillation amplitudes larger than that 
obtainable with the original unshaped (single) excitation pulse. This observation has been 
explained in a theoretical paper which showed that the oscillation amplitude remaining after 
the end of the laser excitation pulse could not be enhanced through pulse shaping.(234’ On the 
other hand, the analysis indicated that for suitable pulse shapes, interesting enhancements of 
the charge motion could be realized while the shaped pulse was still on. Experiments testing 
these predicted enhancements have not yet been performed. 

5.6.5. Further prospects. Numerous further possibilities for ultrafast coherent control have 
been theoretically explored in the weak and in the strong field regime, and we mention just 
a few of these possibilities here. In the weak field regime, specially crafted pulse shapes can 
be used to generate wave packets with desired distributions in phase space. Wilson’s group, 
for example, has calculated ‘globally optimum weak light fields’ giving the best possible 
overlap with specified molecular dynamics outcomes. (“9.‘23,259) Cases studied include a 
‘molecular cannon’, in which an outgoing continuum wave packet in I, is focused in both 
space and momentum, and a ‘reflectron’, resulting in focusing of an incoming bound wave 
packet in I,, among others. These situations are shown schematically in Fig. 57.“23’ The main 
difference between the ‘cannon’ and the ‘reflectron’ is that in the former case, the photon 
energy is high enough to disassociate the iodine molecule, while in the latter case the molecule 
stays bound. An approximate classical description of the physics involved in these processes 
has been given as follows. The laser field is supposed to produce a wave packet with a specified 
center position and center momentum at a certain time after the beginning of the experiment. 
In the ‘cannon’ case, the lower energy and momentum wave packet components take longer 
to reach the target position compared to the higher energy/momentum components. As a 
result, the optimum pulse contains a substantial positive chirp, so that the faster, higher 
energy wave packet components are created later in time. The exact details of the optimum 
pulse shape, of course, also depend on quantum interference effects not included in the 
classical picture. 

In the strong field regime, theory suggests a number of exciting possibilities for coherent 
control through shaped pulses or pulse sequences, including breaking strong bonds,‘7,‘73,20’) 
manipulating reaction pathways and curve crossings,(80~2’4*2’5) and climbing anharmonic 
vibrational ladders.‘3’,32) In order to accomplish these goals, complex laser waveforms that 
cannot be designed by simple intuition are usually required. For this reason numerical 
optimization (‘optimal control’) methods are now widely applied to design the required 
waveforms based on the molecular Hamiltonian and the target to be achieved.““’ It has also 

FIG. 57. Schematic representation of ‘molecular cannons’ and ‘reflectrons’. Calculations indicate 
the possibility of generating tightly focused outgoing wave packets during disassociation (the 
molecular cannon) as well as incoming wave packets following reflection from an outer turning 
point (the reflectron). Realization of such wave packets would rely on femtosecond pulse shaping 

and weak field coherent control.(r2’) 
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recently been recognized that the robustness of the optimal waveforms with respect to 
laboratory variations may be crucial to the prospects of experimental success.@*‘) 

Another issue important for high field coherent control is that knowledge of the molecular 
Hamiltonian may be insufficiently precise even for molecules of moderate complexity. To 
address this problem, it has been proposed that shaped pulses and coherent control 
experiments can be designed to provide further knowledge of the Hamiltonian.~8’~106~260~ In 
some scenarios experimental results could be fed back to iteratively modify the laser pulse 
shape in order to ‘teach lasers to control molecules’.@‘,‘06) 

6. SUMMARY AND FUTURE DIRECTIONS 

In this article we have described powerful methods for crafting picosecond and femtosec- 
ond optical pulses with precisely controllable temporal envelopes. Both phase and amplitude 
can be controlled, and great precision together with high complexity is possible. We began 
with a detailed discussion of spatial filtering based pulse shaping methods which were largely 
developed by this author and his coworkers and which are now becoming widely adopted. 
We also reviewed a number of other pulse shaping techniques, involving (for example) volume 
holography, phase-locked interferometry, and high-speed electro-optic modulation. Hologra- 
phy of ultrashort pulses, in which the well-known principles of holographic signal processing 
are extended into the ultrafast time domain, were also described. These holographic methods 
allow not only pulse shaping but also pulse processing operations, such as storage, recall, 
time-reversal, and matched filtering of picosecond and femtosecond pulses. Finally, we 
reviewed a number of demonstrated applications of pulse shaping technology. These 
applications already span several disciplines, including non-linear fiber optics, high-speed 
communications, femtosecond pulse amplification, and laser control of atomic and molecular 
process. In the future we can expect further wide ranging applications of pulse shaping 
technology, perhaps including laser control of ultrafast charge motions in semiconductors, 
high field laser matter interactions, and optical data storage. 

In response to application requirements, one can also anticipate further developments of 
the technology itself. Several such directions are outlined below. 

l Shorter pulses and high powers : Modelocked Ti : sapphire lasers’209’ now directly produce 
pulses shorter than 10 fs, (264) almost as short as the record 6 fs pulse durations@‘) attained 
using pulse compression techniques in the 1980s. Several groups are working hard at 
amplifying such pulses to microjoule, millijoule, and even higher energies. Shaping of 
N 20 fs pulses at a microjoule energy level has already been reported.“‘*) We can expect that 
shaped pulses at shorter durations and high energy levels will soon be achieved. Pulse 
shaping methods may also aid in generating clean pulses with simultaneous very short 
durations and high powers.(2’2.2s5) 

l New wavelengths: To date, most pulse shaping experiments have been conducted at visible 
and near-infrared wavelengths where good modelocked sources are available. By combining 
modelocked sources, non-linear frequency conversion methods, and pulse shaping tools, 
shaped femtosecond pulses can be generated at ultraviolet and mid-IR wavelengths for 
femtosecond spectroscopy and coherent control involving electronic and vibrational 
resonances, respectively. 

l Waveform arrays and pulsed images : Most of our discussion has focused on production and 
application of one shaped waveform at a time. Pulse shaping methods can also be extended 
to generate one- and two-dimension arrays of shaped femtosecond waveforms (‘pulsed 
images’). Two-dimensional pulsed images can be generated by using volume holographic 
pulse shaping methods(“) or by using spectral hole burning to realize spatially patterned 
spectral filters.(207) Grating related pulse shaping techniques can be extended to generate 
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one-dimensional femtosecond waveform arrays by using pulse shaping masks patterned in 
two-dimensions. Femtosecond waveform arrays could play an important role in volume 
holographic and spectral hole burning data storage systems and perhaps in optical 
computing. 

l Integration: Integrated pulse shaping devices would be desirable for applications such as 
optical communications where size and robustness are important. Considerable effort is 
currently being directed at developing integrated components to handle multiple optical 
wavelengths for wavelength division multiplexed (WDM) optical communication networks. 
Two of the key operations performed by many of those components are demultiplexing 
(separating) and multiplexing (combining) arrays of optical wavelengths. With minor 
modification such WDM components could also be used in conjunction with femtosecond 
input pulses as integrated pulse shaping devices. Preliminary experiments using acousto-op- 
tic tunable filters as integrated pulse shapers have already been reported@“-see Section 
3.1.3. In combination with integrated modulator arrays, other WDM components such as 
‘spectrometers on a chip’(208) and arrayed waveguide gratings’57*2’3’ would also lead to 
integrated pulse shaping. 

l Improved programmability : Faster pulse shape reprogramming could enhance several 
applications. High resolution pulse shaping using liquid crystal modulator arrays currently 
provides millisecond reprogrammability, while pulse shapers containing acousto-optic 
deflectors can be reprogrammed on a microsecond time scale for low duty cycle appli- 
cations. Rapid programming (tens of nanoseconds) has been demonstrated via pulse 
shaping methods based on high-speed electro-optic modulation of chirped pulses, but only 
limited pulse shaping resolution is possible. In the future high resolution pulse crafting with 
nanosecond reprogrammability should be possible by using one-dimensional arrays 
of semiconductor electro-optic modulators (e.g. based on the quantum confined Stark 
effect) as pulse shaping masks within grating and lens pulse shapers. Integrated pulse 
shaping devices could also lead to nanosecond reprogrammability. Such speeds would 
allow reconfiguration on a packet by packet basis for ultrahigh speed optical communi- 
cations. 

l Feedback control: Finally, we can expect further engineering of pulse shapers to lead to 
closed loop control of the actual pulse shapes (as opposed to today’s open loop 
operation)---see Fig. 58. The feedback loop could be based either on measurements of the 
pulse shape or other experimental variables of interest. In proposed schemes for ‘teaching 
lasers to control molecules’, for example, one might iteratively modify the laser pulse shape 
in order to optimize the yield of a laser induced chemical reaction.@‘J06*260) Stable, well 
controlled pulse shaping can be expected to play a critical role in many ultrafast laser 
applications. 
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FIG. 58. Proposed closed-loop control of waveform synthesis through femtosecond pulse shaping. 
Feedback from pulse shaping measurements or from other experimental results would be used for 
iterative reprogramming of the pulse shape in order to achieve prespecified experimental objectives. 
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