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Femtosecond pulse shaping using spatial light modulators
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We review the field of femtosecond pulse shaping, in which Fourier synthesis methods are used to
generate nearly arbitrarily shaped ultrafast optical wave forms according to user specification. An
emphasis is placed on programmable pulse shaping methods based on the use of spatial light
modulators. After outlining the fundamental principles of pulse shaping, we then present a detailed
discussion of pulse shaping using several different types of spatial light modulators. Finally, new
research directions in pulse shaping, and applications of pulse shaping to optical communications,
biomedical optical imaging, high power laser amplifiers, quantum control, and laser-electron beam
interactions are reviewed. ©2000 American Institute of Physics.@S0034-6748~00!02005-0#
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I. INTRODUCTION

Since the advent of the laser nearly 40 years ago, th
has been a sustained interest in the quest to generat
trashort laser pulses in the picosecond (10212s) and femto-
second (10215s) range. Reliable generation of pulses bel
100 fs in duration occurred for the first time in 1981 with t
invention of the colliding pulse modelocked~CPM! ring dye
laser.1 Subsequent nonlinear pulse compression of pu
from the CPM laser led to a series of even shorter pulses2–6

culminating in pulses as short as 6 fs, a record which st
for over a decade. Six femtoseconds in the visible co
sponds to only three optical cycles, and therefore such p
durations are approaching the fundamental single opt
cycle limit. Further rapid progress occurred following th
demonstration of femtosecond pulse generation from so
state laser media in the 1990 time frame.7 Femtosecond
solid-state lasers bring a number of important advanta
compared to their liquid dye laser counterparts, includ
substantially improved output power and stability and n
physical mechanisms for pulse generation advantageou
production of extremely short pulses. Femtosecond so
state laser technology has now advanced to the point
pulses below 6 fs can be generated directly from
laser.8–14Equally important, the use of solid-state gain med
has also led to simple, turn-key femtosecond lasers,
many researchers are now setting their sights on prac
and low cost ultrafast laser systems suitable for real-wo
applications~in addition to the scientific applications fo
which femtosecond lasers have been used extensively!. De-
tailed information on the current status of femtosecond te
nology and applications can be found in several recent jo
nal special issues,15–17 books,18–21 and in another recen
review article in this journal.22

The focus of this article is femtosecond pulse shaping

a!Electronic mail: amw@ecn.purdue.edu
1920034-6748/2000/71(5)/1929/32/$17.00
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topic complementary to femtosecond pulse generation. O
the past decade powerful optical waveform synthesis~or
pulse shaping! methods have been developed which allo
generation of complicated ultrafast optical waveforms
cording to user specification. Pulse shaping systems h
already demonstrated a strong impact as an experimental
providing unprecedented control over ultrafast laser wa
forms for ultrafast spectroscopy, nonlinear fiber optics, a
high-field physics. Coupled with the recent advances and
sulting widespread availability of femtosecond lasers, as w
as advances in femtosecond pulse characterization t
niques, femtosecond pulse shaping is poised to impact m
diverse and additional applications. In the terminology
electronic instrumentation, femtosecond lasers constitute
world’s best pulse generators, while pulse shaping is
short pulse optical analog to electronic function generato
which widely provide electronic square waves, triang
waves, and indeed arbitrary user specified waveforms.

A number of approaches for ultrafast pulse shaping h
been advanced. Here we concentrate on the most succe
and widely adopted method, in which waveform synthesis
achieved by spatial masking of the spatially dispersed opt
frequency spectrum. A key point is that because wavefo
synthesis is achieved by parallel modulation in the freque
domain, waveforms with effective serial modulation ban
widths as high as terahertz and above can be generated
out requiring any ultrafast modulators. We will be partic
larly interested in pulse shaping using spatial lig
modulators~SLMs!, where the SLM allows reprogrammab
waveform generation under computer control. A review
ticle by Froehly describes a variety of pulse shaping te
niques investigated prior to 1983 for picosecond pulses.23 A
more recent review by Weiner provides a broad accoun
femtosecond pulse shaping as well as related pulse proc
ing techniques, including both the pulse shaping techni
which is the focus of the current article as well as oth
approaches.27 Other useful reviews include Ref. 24, whic
9 © 2000 American Institute of Physics
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1930 Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 A. M. Weiner
describes early results on femtosecond pulse shaping u
fixed masks and related experiments on picosecond p
shaping performed in the context of nonlinear pulse co
pression, and Refs. 25 and 26, which include citations
recent results on pulse shaping as well as holographic
nonlinear pulse processing.

This review article is organized as follows. In Sec. II w
discuss the basics of femtosecond pulse shaping, includi
description of the apparatus, examples of pulse shaping
sults using fixed spatial masks, important results from
theory of pulse shaping, and instrument control, alignme
and pulse measurement issues. In Secs. III and IV we dis
programmable pulse shaping using liquid crystal SLMs a
acoustic-optic modulators, respectively; these are the
types of SLMS which are most widely applied for femtose
ond pulse shaping. Section V summarizes the relative ad
tages and disadvantages of liquid crystal and acousto-o
SLMs for pulse shaping. Section VI covers developments
deformable, movable, and micromechanical mirrors for pu
shaping applications. These special mirror based approa
for programmable pulse shaping, while important, are not
as completely developed as the liquid crystal or acou
optic approaches, and for this reason are not included
comparison in Sec. V. In Sec. VII we discuss further dire
tions in femtosecond pulse shaping, including shaping of
coherent light, integration, direct space-to-time pulse sh
ing, and generalized pulse shapers for holographic
nonlinear pulse processing. We conclude in Sec. VIII by s
veying some of the applications of femtosecond pulse sh
ing, including optical communications, dispersion compen
tion, laser control of terahertz radiation, coherent contro
quantum mechanical processes, and laser-electron bea
teraction physics.

II. FEMTOSECOND PULSE SHAPING BASICS

A. Linear filtering

The femtosecond pulse shaping approach describe
this article is based on the linear, time-invariant filter, a co
cept well known in electrical engineering. Linear filtering
commonly used to process electrical signals ranging fr
low frequencies~audio and below! to very high frequencies
~microwave!. Here we apply to linear filtering to genera
specially shaped optical waveforms on the picosecond
femtosecond time scale. Of course, the hardware neede
programmable linear filtering of femtosecond laser pul
looks very different from the familiar resistors, capacito
and inductors used for linear filtering of conventional ele
trical signals.

Linear filtering can be described in either the time d
main or the frequency domain, as depicted in Fig. 1.27 In the
time domain, the filter is characterized by an impulse
sponse functionh(t). The output of the filtereout(t) in re-
sponse to an input pulseein(t) is given by the convolution of
ein(t) andh(t)

eout~ t !5ein~ t !* h~ t !5E dt8ein~ t8!h~ t2t8!, ~2.1!
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where* denotes convolution. If the input is a delta functio
the output is simplyh(t). Therefore, for a sufficiently shor
input pulse, the problem of generating a specific output pu
shape is equivalent to the task of fabricating a linear fil
with the desired impulse response. Note that instead of
term ‘‘impulse response function,’’ which is common i
electrical engineering,h(t) may also be called a Green func
tion, which is a common terminology in some other fields

In the frequency domain, the filter is characterized by
frequency responseH(v). The output of the linear filter
Eout(v) is the product of the input signalEin(v) and the
frequency responseH(v)—i.e.,

Eout~v!5Ein~v!H~v!. ~2.2!

Here ein(t), eout(t), and h(t) and Ein(v), Eout(v), and
H(v), respectively, are Fourier transform pairs—i.e.,

H~v!5E dt h~ t !e2 ivt ~2.3!

and

h~ t !5
1

2p E dv H~v!eivt. ~2.4!

For a delta function input pulse, the input spectrumEin(v) is
equal to unity, and the output spectrum is equal to the
quency response of the filter. Therefore, due to the Fou
transform relations, generation of a desired output wavefo
can be accomplished by implementing a filter with the
quired frequency response. Our pulse shaping approac
described most naturally by means of this frequency dom
point of view.

B. Pulse shaping apparatus and pulse shaping
examples using fixed masks

Figure 2 shows the basic pulse shaping apparatus, w
consists of a pair of diffraction gratings and lenses, arran
in a configuration known as a ‘‘zero dispersion pulse co
pressor,’’ and a pulse shaping mask.28 The individual fre-
quency components contained within the incident~usually
but not always bandwidth limited! ultrashort pulse are angu
larly dispersed by the first diffraction grating, and then f
cused to small diffraction limited spots at the back foc
plane of the first lens, where the frequency components

FIG. 1. Pulse shaping by linear filtering.~a! Time-domain view.~b! Fre-
quency domain view.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1931Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 Femtosecond pulse shaping
spatially separated along one dimension. Essentially the
lens performs a Fourier transform which coverts the ang
dispersion from the grating to a spatial separation at the b
focal plane. Spatially patterned amplitude and phase ma
~or a SLM! are placed in this plane in order to manipulate t
spatially dispersed optical Fourier components. After a s
ond lens and grating recombine all the frequencies int
single collimated beam, a shaped output pulse is obtai
with the output pulse shape given by the Fourier transform
the patterned transferred by the masks onto the spectrum

In order for this technique to work as desired, one
quires that in the absence of a pulse shaping mask, the ou
pulse should be identical to the input pulse. Therefore,
grating and lens configuration must be truly free of disp
sion. This can be guaranteed if the lenses are set up as a
magnification telescope, with the gratings located at the o
side focal planes of the telescope. In this case the first
performs a spatial Fourier transform between the plane of
first grating and the masking plane, and the second lens
forms a second Fourier transform from the masking plane
the plane of the second grating. The total effect of these
consecutive Fourier transforms is that the input pulse is
changed in traveling through the system if no pulse shap
mask is present.

Note that this dispersion-free condition also depends
several approximations, e.g., that the lenses are thin and
of aberrations, that chromatic dispersion in passing thro
the lenses or other elements which may be inserted into
pulse shaper is small, and that the gratings have a flat s
tral response. Distortion-free propagation through the ‘‘z
dispersion compressor’’ has been observed in many exp
ments with pulses down to roughly 50 fs—see for exam
Refs. 28 and 29. For much shorter pulses, especially in
10–20 fs range, more care must be taken to satisfy th
approximations. For example, both the chromatic aberra
of the lenses in the pulse shaper and the dispersion ex
enced in passing through the lenses can become impo
effects. However, by using spherical mirrors instead
lenses, these problems can be avoided and dispersion
operation has been obtained.30

The first use of the pulse shaping apparatus shown
Fig. 2 was reported by Froehly, who performed pulse sh
ing experiments with input pulses 30 ps in duration.23 Re-
lated experiments demonstrating shaping of pulses a few
coseconds in duration by spatial masking within a fiber a
grating pulse compressor were performed independently
Heritage and Weiner;31–33 in those experiments the gratin

FIG. 2. Basic layout for Fourier transform femtosecond pulse shapin
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pair was used in a dispersive configuration without inter
lenses since grating dispersion was needed in order to c
press the input pulses which were chirped through nonlin
propagation in the fiber. The dispersion-free apparatus
Fig. 2 was subsequently adopted by Weineret al. for ma-
nipulation of pulses on the 100 fs time scale, initially usi
fixed pulse shaping masks28 and later using programmabl
SLMs.34,35 With minor modifications, namely, replacing th
pulse shaping lenses with spherical mirrors, pulse-shap
operation has been successfully demonstrated for in
pulses on the 10–20 fs time scale.30,36–38 A fiber-pigtailed
pulse shaper, with fiber-to-fiber insertion loss as low as
dB, has also been reported for 1.55mm operation for optical
communications applications.39–41 The apparatus of Fig. 2
~without the mask! can also be used to introduce dispersi
for pulse stretching or compression by changing the grati
lens spacing. This idea was introduced and analyzed
Martinez42 and is now extensively used for high-power fem
tosecond chirped pulse amplifiers.22,43

Pulse shaping using programmable SLMs will be d
cussed beginning in Sec. III. Here we present several
amples using fixed spatial masks, the masking technol
employed in early femtosecond pulse shaping experime
Fixed masks can provide excellent pulse shaping quality
have been employed in experimental applications of pu
shaping in nonlinear fiber optics, fiber communications, a
ultrafast spectroscopy. Disadvantages of fixed masks are
they do not easily provide continuous phase variations~bi-
nary phase variations are fine! and that a new mask must b
fabricated for each experiment.

Figure 328 shows intensity cross-correlation traces
waveforms generated by using an opaque mask with
isolated slits, resulting in a pair of distinct and isolated sp
tral peaks. Note that the intensity cross-correlation traces
proximately provide a measurement of optical intensity v
sus time—see Sec. II G for further explanation. The t
frequencies interfere in the time domain, producing a hig
frequency optical tone burst. The 2.6 THz period of the
tensity modulation is identical to the separation of the
lected frequency components and corresponds to a perio
only 380 fs. We have also performed experiments using
additional phase mask to impose ap phase shift between th
two spectral components. The resulting waveform is sho
in Fig. 3 as the dotted line. The two distinct frequencies s
interfere to produce a tone burst. However, thep phase shift

FIG. 3. Intensity cross-correlation traces of optical tone bursts resul
from a pair of isolated optical frequency components. Solid: optical frequ
cies in phase. Dotted: optical frequencies phase shifted byp.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1932 Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 A. M. Weiner
is expected to lead to an interchange in the positions of
peaks and nulls of the time domain, and this effect is clea
seen in the data. It is worth noting that this effect, namely
shift in the time-domain interference features reflecting sp
tral phase variations, demonstrated here in the contex
pulse shaping, has also been developed into a powerful p
characterization tool for measuring the spectral phase
files of unknown ultrashort pulses.44 It is also worth noting
that the data in Fig. 3 represent a time-domain analog of
well known Young’s double slit interference experimen
This is one manifestation of the close analogy which ex
between time-domain Fourier optics discussed here and
well known and active field of spatial domain Fourier optic

We also consider generation of ultrafast square pu
using fixed masks.28 The spectrum of a square pulse of d
ration T is shaped as a sinc function, given by

E~ f !5E0T
sin~p f T!

p f T
. ~2.5!

The corresponding mask is specified by

M ~x!5
sin~px/x0!

px/x0
, ~2.6!

whereM (x) is the masking function,x05(T] f /]x)21, and
] f /]x is the spatial dispersion at the masking plane. In or
to implement the desired filtering function, both a phase a
an amplitude mask are needed. The phase mask is us
impart the required alternating sign to the filter. The tra
mission function of the amplitude mask varies continuou
with position. Furthermore, due to the combination of fa
and slow temporal features~,100 fs rise and fall times
pulse duration in the picosecond range!, the amplitude mask
must be capable of producing a series of sidelobes ov
large dynamic range. The required phase and amplit
masks were fabricated on fused silica substrates using
crolithographic patterning techniques, and the two ma
were placed back to back at the masking plane of the p
shaper. Phase masks were fabricated by using reactive
etching to produce a relief pattern on the surface of the fu
silica. Amplitude masks consisted of a series of fine opa
metal lines deposited onto the substrate with linewidths
spacings varied in order to obtain the desired transmiss
This approach to forming a variable transmission amplitu
mask is related to diffractive optics structures utilized
spatial manipulation of laser beams via computer gener
holography. Figure 4 shows a semilog plot of a power sp
trum produced in this way. The data correspond to a m
containing 15 sidelobes on either side of the central peak
dynamic range approaching 104:1, as well as excellen
signal-to-noise ratio, are evident from the power spectru
The dotted line, which is an actual sinc function, is in go
agreement with the data, although the zeroes in the data
washed out due to the finite spectral resolution of the m
surement device Figure 5~a! shows an intensity cross
correlation measurement of a 2 pssquare pulse produced b
using masks truncated after five sidelobes on either sid
the main spectral peak. The rise and fall times of the squ
pulse are found to be on the order of 100 fs. The rip
Downloaded 22 Mar 2004 to 128.46.200.139. Redistribution subject to A
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present on the square pulse arises because of the trunc
of the spectrum and is in good qualitative agreement with
theoretical intensity profile@Fig. 5~b!#. Square pulses with
reduced ripple have also been obtained, by avoiding trun
tion of the spectrum and instead using a more gentle spe
apodization. An experimental example of such a ‘‘smoot
square pulse is plotted in Fig. 5~c!.45

FIG. 4. Semilog plot of power spectrum of an optical square pulse.

FIG. 5. Optical square pulses.~a! Measurement of a 2 ps optical square
pulse.~b! Corresponding theoretical intensity profile.~c! Measurement of a
square pulse with reduced ripple.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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At this point we also discuss pulse shaping using pha
only filters. Phase-only filters have the advantage, in sit
tions where they are adequate, of no inherent loss. Here
discuss two examples of useful pulse shaping via lossl
phase-only filtering using fixed phase masks. There are
many examples of phase-only filtering using SLMs; the
will be discussed later.

One interesting example is encoding of femtoseco
pulses by utilizing pseudorandom phase patterns to scram
~encode! the spectral phases.28,29 An example is shown in
Fig. 6.29 The clear aperture of the mask is divided into
equal pixels, each of which corresponds to a phase shi
either zero orp. Figure 6~a! shows a measurement of th
intensity profile of the encoded waveform. Spectral encod
spreads the incident femtosecond pulses into a complic
pseudonoise burst within an;8 ps temporal envelope. Th
peak intensity is reduced to;8% compared to that of an
uncoded pulse of the same optical bandwidth. For comp
son, the theoretical intensity profile, which is the square
the Fourier transform of the spectral phase mask, is show
Fig. 6~b!. The agreement between theory and experimen
excellent. Similar coding and decoding has been dem
strated with longer phase codes~up to 127 pixels!28 and also
using programmable SLMs.41 An important feature is tha
because the phase-only filtering is lossless, by using a se
pulse shaper with a conjugate phase mask, the spectral p
modulation can be undone, with the result that the pse
onoise burst is decoded~restored! back to the original ul-
trashort pulse duration. This forms the basis of a propo
ultrashort pulse code-division multiple-access~CDMA! com-
munications concept, in which multiple users share a co
mon fiber optic channel on the basis of different minima
interfering code sequences assigned to different transmi
receiver pairs.41,46

In some cases only the temporal intensity profile of
output pulse is of interest, and this greatly increases the
grees of freedom available for filter design. In particul
phase-only filters can be designed to yield the desired t

FIG. 6. Ultrafast pseudonoise bursts generated by using a pseudora
spectral phase filter~shown as inset!. ~a! Intensity cross-correlation trace.~b!
Corresponding theoretical intensity profile.
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poral intensity profile. An important example is the use
periodic phase-only spectral filters to produce high qua
pulse trains.47,48 As in Fig. 3, where spectral amplitude fi
tering is used for pulse train generation, the repetition rate
the pulse train is equal to the periodicity of the spectral filt
However, unlike the spectral amplitude filtering case,
envelope of the pulse train depends on the structure of
phase response within a single period of the phase filte
turns out that by using pseudorandom phase sequences
sharp autocorrelation peaks~similar to those used in CDMA
and other forms of spread spectrum communication!49 as the
building blocks of the phase filter, one can generate pu
trains under a smooth envelope. The intensity cro
correlation measurement of a resulting experimental pu
train with 4.0 THz repetition rate, generated using 75 fs in
pulses and binary phase masks based on periodic repeti
of the so-calledM ~or maximal length! sequences,49 is shown
in Fig. 7~a!.47 The pulse train is clean, and the pulses are w
separated. Pulse trains with similar intensity profiles~not
shown! have been produced by spectral amplitude filterin
but with substantially reduced energies. Note that the opt
phase is constant from pulse to pulse in trains produced
amplitude filtering, unlike the phase filtering case, where
optical phase varies. Pulse trains such as that in Fig.~a!

om

FIG. 7. Pulse trains generated by phase-only filtering.~a! Pulse train under
a smooth envelope.~b! and ~c! Pulse trains under a square envelope.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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have been utilized for experiments demonstrating selec
amplification of coherent optical phonons in crystals,50,51 la-
ser control over coherent charge oscillations in multi
quantum well semiconductor structures,52,53 and enhance-
ment of terahertz radiation emitted from photoconduct
antennas.54 Similar pulse trains have also been generated
ing input pulses below 20 fs, both with fixed masks30 and
with SLMs,36 and with repetition rates in the vicinity of 2
THz.36

Pulse trains with different envelopes can be generated
varying the details of the phase response within a single
riod of the periodic phase filter.47,48For example, flat-topped
pulse trains have been generated by using filters based o
so-called Dammann gratings.55–57 Damman gratings are
computer generated holograms that have previously b
used to split an individual laser beam into an equally spac
equal intensity array of beams in space. The structure f
Dammann grating consists of a periodic binary phase fu
tion, where the period of the phase modulation is selecte
yield the desired beam separation in the spatial output a
and the phase structure within a single modulation perio
designed using numerical global optimization techniques
provide the desired number of beams, with as little energy
possible outside the target array area. In spatial optics,
output beam array can be obtained by passing a single i
beam first through the Dammann grating and then throug
lens, which takes the spatial Fourier transform. Pulse
quences in the time domain can be formed by placing sim
masks at the Fourier plane of a pulse shaper. One examp
time domain data, obtained by placing a binary phase m
fabricated according to a Dammann grating design int
femtosecond pulse shaper, is shown in Fig. 7~b!. The wave-
form consists of a relatively uniform sequence of eig
pulses, with one central pulse missing. Waveforms with
missing central pulse restored have been obtained by ad
ing the phase difference on the mask to be less thanp—see
Fig. 7~c!. These time domain results, achieved by using
phase filter originally designed for spatial beam forming a
plications, underscores again the close analogy between
domain and space domain Fourier optics.

It is worth noting that design of Dammann phase gr
ings for spatial array generation is usually accomplish
through numerical optimization techniques. New phase-o
filters designed to generate other femtosecond wavefo
can also be found using numerical optimization codes. S
eral authors have employed simulated annealing algorit
to design either binary48 or gray-level58–60phase-only filters,
which were tested in pulse shaping experiments using ei
binary phase masks or liquid crystal modulators, resp
tively. Binary ~0-p! phase filters produce waveforms wi
symmetrical intensity profiles, while gray-level phase filte
~typically with four or more phase levels! can be used for
generating pulse trains and other waveforms with asymm
ric intensity profiles. We emphasize that phase-only filter
is generally sufficient only when the target time-doma
waveform is not completely specified, e.g., when the tim
domain intensity is specified but the temporal phases are
free.
Downloaded 22 Mar 2004 to 128.46.200.139. Redistribution subject to A
e

g
s-

y
e-

the

en
d,
a

c-
to
ay
is
o
s

he
ut
a

e-
r
of

sk
a

t
e
st-

a
-
e

-
d
ly

s
v-
s

er
c-

t-
g

-
ft

C. Results from pulse shaping theory

It is important to have a quantitative description of t
shaped output waveformeout(t). In terms of the linear filter
formalism, Eqs.~2.1!–~2.4!, we wish to relate the linear fil-
tering functionH(v) to the actual physical masking functio
with complex transmittanceM (x). To do so, we note tha
the field immediately after the mask can be written

Em~x,v!;Ein~v!e2~x2av!2/w0
2
M ~x!, ~2.7!

where a5
l2f

2pcd cos~ud!
~2.8a!

and

w05
cos~u in!

cos~ud! S f l

pwin
D . ~2.8b!

Herea is the spatial dispersion with units cm~rad/s!21, w0 is
the radius of the focused beam at the masking plane~for any
single frequency component!, win is the input beam radius
before the first grating,c is the speed of light,d is the grating
period,l is the wavelength,f is the lens focal length, andu in

andud are the input and diffracted angles from the first gr
ing, respectively.

Note that Eq.~2.7! is in general a nonseparable functio
of both space~x! and frequency~v!. This occurs because th
spatial profiles of the focused spectral components can
altered by the mask—e.g., some spectral components
impinge on abrupt amplitude or phase steps on the m
while others may not. This leads to different amounts
diffraction for different spectral components and results in
output field which may be a coupled function of space a
time. This space-time coupling has been analyzed by sev
authors.61–63

On the other hand, one is usually interested in genera
a spatially uniform output beam with a single prescrib
temporal profile. In order to obtain an output field which is
function of frequency~or time! only, one must perform an
appropriate spatial filtering operation. Thurstonet al.64 ana-
lyze pulse shaping by expanding the masked field i
Hermite–Gaussian modes and assuming that all of the sp
modes except for the fundamental Gaussian mode are e
nated by the spatial filtering. In real experiments the Gau
ian mode selection operation could be performed by focus
into a fiber~for communications applications! or by coupling
into a regenerative amplifier~for high power applications!.
This can be also be performed approximately by spatial
tering or simply by placing an iris after the pulse shapi
setup. In any case, if one takes the filter functionH(v) to be
the coefficient of the lowest Hermite–Gaussian mode in
expansion of Em(x,v), one arrives at the following
expression:27,64

H~v!5S 2

pw0
2D 1/2E dx M~x!e22~x2av!2/w0

2
. ~2.9!

Equation~2.9! shows that the effective filter in the frequenc
domain is the mask functionM (x) convolved with theinten-
sity profile of the beam. The main effect of this convolutio
is to limit the full width at half maximum~FWHM! spectral
resolution dv of the pulse shaper todv>(ln 2)1/2w0 /a.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Physical features on the mask smaller than;w0 are smeared
out by the convolution, and this limits the finest featur
which can be transferred onto the filtered spectrum. One c
sequence of this picture is that wavelength components
pinging on mask features which vary too fast for the ava
able spectral resolution are in part diffracted out of the m
beam and eliminated by the spatial filter. This can lead
phase-to-amplitude conversion in the pulse shap
process.41,64,65Conversely, in the limitw0→0, the apparatus
provides perfect spectral resolution, and the effective filte
just a scaled version of the mask.

The effect of finite spectral resolution and phase-
amplitude conversion is illustrated by Fig. 8~a!.41 The data
show the power spectrum measured for a pulse spect
encoded using a pseudorandom binary phase code in the
text of a fiber optic CDMA communications experiment. T
encoding process impresses a pseudorandom sequence
phases, each either zero orp, onto the spectrum. Eve
though the code itself is phase-only, a series of dips
present in the encoded spectrum. Each dip corresponds
phase jump in the spectral code and results from power
fracted out of the main beam which is not refocused into
output fiber. Figure 8~b! shows the theoretical spectrum
simulated on the basis of Eq.~2.9!, the known phase code
and the appropriate values fora and w0 . The measured
power lost in the encoding process was also compared
the simulation results as a function of code length.41 For both
the spectrum and the power lost, the agreement between
periment and simulation is excellent. These experiments,
others like them, show that Eq.~2.9! provides an appropriate
theoretical description, including the effect of diffractio
losses due to mask features, provided that a suitable sp
filter is employed following the pulse shaping apparatus.

Note that in our treatment earlier we assume that
output Gaussian mode which is selected is matched to
input mode. The case where the input and output mode s
are not matched is analyzed in Ref. 66; in some cases
can give improvement in spectral resolution compared to
expected from Eq.~2.9!.

The effect of finite spectral resolution can be understo
in the time domain by noting that the output pulseeout(t)
will be the convolution of the input pulseein(t) with the
impulse responseh(t). The impulse response in turn is ob
tained from the Fourier transform of Eq.~2.9! and can be
written as follows:

h~ t !5m~ t !g~ t !, ~2.10a!

FIG. 8. Experimental~a! and theoretical~b! power spectrum resulting from
spectral encoding using a pseudorandom binary phase code.
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where

m~ t !5
1

2p E dv M ~av!eivt ~2.10b!

and

g~ t !5exp~2w0
2t2/8a2!. ~2.10c!

Thus, the impulse response is the product of two factors.
first factorm(t) is the Fourier transform of the mask~appro-
priately scaled! and corresponds to the infinite-resolution im
pulse response. The second factorg(t) is an envelope func-
tion which restricts the time window in which the tailore
output pulse can accurately reflect the response of
infinite-resolution mask. The FWHM duration of this tim
window ~in terms of intensity! is given by

T5
4aAln 2

w0
5

2Aln 2winl

cd cosu in
. ~2.11!

The time window is proportional to the number of gratin
lines illuminated by the input beam multiplied by the perio
of an optical cycle. A larger time window can only be o
tained by expanding the input beam diameter. The shor
feature in the output shaped pulse is of course governed
the available optical bandwidth.

These results impose limits on the complexity of shap
pulses, which can be understood in terms of schematic
quency and time domain plots in Fig. 9. The shortest tem
ral feature that can be realized,dt, is inversely related to the
total bandwidthB(Bdt>0.44), and the maximum tempora
window T is inversely related to the finest achievable sp
tral featured f (d f T>0.44). HereT, Dt, B, andd f all refer
to FWHMs. We defineh as a measure of the potential com
plexity of the shaped pulse, as follows:

h5B/d f 5T/dt. ~2.12!

Thus, h describes the number of distinct spectral featu
that may be placed into the available bandwidth, or equi
lently, the number of independent temporal features that m
be synthesized into a waveform. This measure is relate
the maximum time-bandwidth product:BT>0.44h. An ex-
pression for the complexityh is given in terms of the grating
and input beam parameters as follows:

FIG. 9. Schematic time- and frequency-domain plots illustrating limits
the complexity of shaped pulses.
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h5
Dl

l

p

~ ln 2!1/2

win

d cos~u in!
, ~2.13!

whereDl is the bandwidth~in units of wavelength!.
We consider a numerical example. If we assume an

nm center wavelength, an 1800 line/mm grating, an incid
angle of 50° ~near Littrow!, a 100 fs pulse, andwin

52 mm, the resultant time window and complexity areT
526.4 ps andh5264, respectively. These numbers are ty
cal in that several experiments have demonstrated time
dows on the order of tens of picoseconds and complexitie
one hundred to a few hundred. Larger time windows
possible using larger input beams; higher complexities
possible using either larger input beams or shorter pu
widths or both. Pulse shaping time windows in the 100
range67 have been reported, as have experiments with pu
as short as 13 fs.36 However, in most cases the demonstra
pulse shaping complexity is still in the range of a few hu
dred or less. Note that Eqs.~2.11! and ~2.13! are the upper
bounds on the time window and complexity as set by fun
mental optics. Achieving these limits depends on havin
sufficient number of spatial features available in the pu
shaping mask or SLM; and for increasing complexities,
requirements on the precision of the pulse shaping mask
the optical system become increasingly stringent.

The earlier discussion, which results from an appro
mate treatment of diffraction at the mask, has been foun
adequately describe a great number of experimental res
We reiterate, however, that these results are only valid w
a suitable spatial filter is employed so that the pulse shap
constant across the spatial beam profile. Practically, it is
helpful to avoid using a masking function whose infin
resolution impulse response function exceeds the avail
time window.

Several papers have analyzed the space-time coup
effects arising due to diffraction from the pulse shapi
mask.61–63Wefers and Nelson62 have obtained a simple ana
lytical expression which describes this space-time coupl
Assuming an input electric field proportional tof in(x)ein(t),
and assuming no aperturing or spatial filtering by the opt
system~except at the mask!!, the shaped electric field afte
the final grating is given by

eout~x,t !; f in~x1vt !E dt8ein~ t8!m~ t2t8!, ~2.14a!

where

v5
cd cosu in

l
. ~2.14b!

The integral gives the shaped pulse which would be obtai
in the perfect spectral resolution~infinite time window!
limit—i.e., the convolution of the input pulse with the scale
Fourier transform of the mask. Thef in(x1vt) multiplier rep-
resents a time-dependent spatial shift of the shaped w
form. It is interesting to note that for a spatial shiftDx along
the output beam, the corresponding time offset is given
the number of grating grooves intercepted by the spatial s
(Dx/d cosuin) multiplied by the optical period (l/c). Equa-
tion ~2.14! does not explicitly include any time window
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However, a time window automatically arises if one includ
an aperture selecting a portion of the shaped beam. F
Gaussian input beam and a spatial filter which selects
matched Gaussian spatial mode of the shaped beam, on
tains the results in Eqs.~2.7!–~2.11!.

D. Control strategies for pulse shaping

Femtosecond pulse shapers can be operated either u
open loop control or in a feedback~adaptive control! con-
figuration. These concepts are illustrated in Fig. 10. Note t
a femtosecond amplifier system may optionally be includ
under either control strategy, depending on the experime
requirements.

Let us first consider the open loop configuration, F
10~a!. Here the desired output waveform is specified by
user, and reasonable knowledge of the input pulse is
usually available. Therefore, the desired transfer function
known, and one sets the pulse shaping SLM~in the case of
programmable pulse shaping! to provide this transfer func-
tion. If there is additional linear distortion present betwe
the input and output~e.g., phase aberration in a chirped pul
femtosecond amplifier!, the pulse shaper can be program
so that its transfer function also includes precompensa
for such distortion. This open loop strategy requires prec
calibration of the SLM. However, precise characterization
the input pulse is often unnecessary, provided that the in
pulse is known to be shorter than shortest features desire
the shaped output waveform. Open loop control, which
been used since the original pulse shaping experiment
the only method applicable with fixed masks. It has be
used to obtain high quality shaped pulses for many differ
experimental applications and remains in common use
programmable pulse shaping with SLMs.

The ability to program a pulse shaper under compu
control has led recently to several interesting demonstrat
of adaptive pulse shaping@Fig. 10~b!#—or pulse shaping un-
der feedback control.37,38,68–73In these experiments one usu
ally starts with a random spectral pattern programmed i
the pulse shaper, which is updated iteratively according
stochastic optimization algorithm based on the difference
tween a desired and measured experimental output. In

FIG. 10. Control strategies for femtosecond pulse shaping.~a! Open loop
control. ~b! Feedback or adaptive control. Note that these experiments
be performed either with or without the amplifier pictured in the figure.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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way femtosecond waveform synthesis or chirp compensa
can be achieved without the need to explicitly program
pulse shaper. Adaptive pulse shaping experiments have
performed using liquid crystal modulator arrays,37,68–72

acousto-optic modulators,73,74 and deformable mirror phas
modulator arrays.38 Experimental demonstrations have i
cluded chirp compensation and shaping of low energy pu
from femtosecond oscillators,37,38,68,70correction of residual
chirps remaining after the pulse stretching-compression
cess in high energy chirped pulse amplifiers,69,71 and quan-
tum control experiments demonstrating adaptive pulse sh
control of fluorescence yields73 and photodissasociatio
products.72 One example of data from an adaptive pu
compression experiment is shown in Fig. 11.37 In this work a
Ti:sapphire laser was deliberately misaligned in order to g
erate highly chirped output pulses@;80 fs, Fig. 11~a!#, al-
though the;150 nm wide laser bandwidth~see inset! could
potentially support sub-10 fs pulses. The state of a liq
crystal phase modulator array in a pulse shaper was a
tively controlled using a simulated annealing algorithm
order to maximize the average second harmonic signal m
sured after an external doubling crystal~the second harmonic
is expected to be highest for the shortest, most intense pu!.
The interferometric autocorrelation trace of the pulse

FIG. 11. Results from adaptive pulse shaping.~a! Interferometric autocor-
relation measurement of highly chirped pulses from a Ti: sapphire laser~b!
Measurement of pulse compressed to nearly the bandwidth limit thro
adaptive pulse shaping. Inset: optical power spectrum.
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tained after 1000 iterations is shown in Fig. 11~b! ~note the
different time scale!. The pulse is compressed to 14 fs, mu
closer to the bandwidth limit, and the pulse quality is grea
improved. The time required to run this experiment w
roughly 15 min~;1 s per iteration!.

In adaptive pulse shaping neither the input pulse~see
earlier example! nor the calibration of the SLM nor the out
put laser waveform need to be specified. What does nee
specified is the experimental outcome to be optimized
the adaptive learning algorithm to be employed. The ad
tive control strategy can be appropriate when the calibra
of the SLM is difficult or the state of the SLM depends in
complicated way on the input variables. It can also be p
ticularly useful when the appropriate laser waveform is n
known. One example is in the field of coherent control75

where shaped laser waveforms can be a tool for control
quantum mechanical motions, with potential applicatio
e.g., to laser controlled chemistry. In many real systems
Hamiltonian is not known with sufficient accuracy to pred
the appropriate laser waveform. In these cases the ada
approach can be used to search for the laser waveform w
gives the best experimental result, such as optimizing
yield of a particular photochemical product.76,77

E. Pulse shaping in amplified systems

We comment briefly on pulse shaping in amplified fem
tosecond systems. Amplifiers are needed whenever m
locked oscillators alone are insufficient to produce sha
pulses at the desired energy levels. Briefly, the pulse sh
may be placed before the amplifier~as in Fig. 10!, after the
amplifier, or in some cases it may be part of the amplifier.
the late 1980s several experiments were reported in wh
high energy shaped pulses were generated by placing a p
shaper containing fixed masks after a microjoule level a
plifier system.45,50,78,79In recent experiments with millijoule
level amplifier systems and programmable pulse shapers
pulse shaper has been placed either before80 or after71,73 the
amplifier. Placing the pulse shaper before the amplifier
the advantage that the danger of damage to the SLM is m
mized. Furthermore, in the case of a saturated amplifier,
output energy is not strongly dependent on changes in
input energy; therefore, losses during the pulse shaping
cess before the amplifier need not result in substanti
lower energies after the amplifier. One should note, howe
that in the case of very high power amplifiers, one may ne
to consider the influence of pulse shaping on nonlinearitie
the amplifier. In chirped pulse amplifiers, the pulse
stretched very substantially in order to lower the peak int
sity and, hence, avoid nonlinearities in the amplifier. Chi
ing or stretching of a shaped pulse may in some situati
modulate or otherwise influence the intensity seen by
amplifier, which may lead to nonlinear distortions in the a
plified output waveform.81 Note that since chirped pulse am
plifiers contain grating based pulse stretchers and comp
sors, it is also possible to perform pulse shaping within
amplifier by placing a SLM at the appropriate point in th
stretcher or compressor. This approach has been reporte
Ref. 82, where a liquid crystal phase modulator array w

h
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used within the stretcher to obtain millijoule level shap
pulses. However, this approach requires that the stretche
constructed to match the aperture of the SLM, which c
down on design flexibility which may be needed to achie
very large stretching ratios.

F. Pulse shaper alignment

The optical components within Fourier plane pul
shapers have many degrees of freedom, and careful a
ment of the components is critical. A recipe for pulse sha
alignment, used in much of the author’s work with fixe
masks or liquid crystal SLMs, is given below. We assu
the pulse shaper is assembled on a flat working surface,
an optical table, and a short pulse source is used for
alignment.

~1! Make sure that the input beam from the laser is c
limated and propagating in a plane parallel to the opti
table surface.

~2! Align the first diffraction grating such that the plan
of the grating surface and the rulings of the grating lie in
plane normal to the optical table. This can be achieved
observing the specular reflection~zero order diffraction! as
well as the desired diffraction order and making sure t
both propagate in a plane parallel to the table. With corr
alignment the direction in which the optical frequency co
ponents spread should also be parallel to the table surfa

~3! Place the first lens approximately one focal leng
away from the first grating, with the lens centered on a
normal to the diffracted beam. The height of the lens sho
be adjusted to ensure that the transmitted beam still pro
gates parallel to the table surface. However, the exact p
tioning of the lens is usually not critical.

~4! The mask or SLM can be placed at approximately
back focal plane of the first lens, making sure that the ap
ture of the SLM is centered on the spatially dispersed
quency spectrum. At this point the SLM should be set to
quiescent state~no amplitude or phase modulations!. Alter-
nately, the mask or SLM can be left out at this point a
inserted after the rest of alignment is complete.

~5! Position the second lens two focal lengths away fr
the first lens. The lens should be translated closer to or
ther from the first lens until the transmitted beam is co
mated. The height of the second lens is adjusted as per
~3!.

~6! Position the second grating one focal length from
second lens. Adjust the tilt of the grating and the direction
the grating rulings in the same way as per step~2!. There are
then two further critical adjustments:

~6a! The rotation of the grating about the vertical ax
must be set to exactly match that of grating one. This can
achieved by observing the output beam in the far field a
making sure that there is no remaining spatial dispersio
i.e., all the frequency components should be optimally ov
lapped. To help visualize residual spatial dispersion, one
place a card in the masking plane and sweep it across
spatially dispersed frequencies. If there is residual spa
dispersion at the output, one can see an image of the
sweeping across the output beam; if there is no spatial
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persion, the output will be uniformly attenuated as the car
moved in the masking plane.

~6b! The distance between the second and first gra
must be set for exactly four focal lengths in order to obta
zero group velocity dispersion.~In the case of a chirped inpu
pulse, one may vary the grating separation from this con
tion in order to compensate the input frequency chirp.! The
grating distance can be fine tuned by measuring the ou
pulse duration, for example, via intensity cross correlat
using an unshaped pulse directly from the laser as a re
ence. The grating is translated until the output pulse width
minimized. In order to estimate how precisely the grati
separation must be set, it is helpful to use the followi
formulas, which specify the grating dispersion as a funct
of grating separation:42,83,84

]2f~v!

]v2 5
l3~L24 f !

2pc2d2 cos2 ud
~2.15a!

and equivalently

]T~l!

]l
5

l~L24 f !

cd2 cos2 ud
. ~2.15b!

Here f(v) is the spectral phase andT(l) is the
wavelength dependent group delay.L-4 f represents the de
tuning of the grating separation from the dispersion-freef
separation condition. The grating separation should be se
that T varies by much less than one pulse width across
bandwidth of the pulseDl, or equivalently so thatf varies
by much less thanp.

~7! Now the pulse shaping SLM can be activated@in-
serted first if not done in step~4!#. Its aperture should be
centered on the desired spectral region, and it should
placed at the back focal plane of the first lens where in
vidual frequency components are focused to their minim
size. Both adjustments are facilitated by monitoring the o
put spectrum from the pulse shaper in order to observe
features placed by the mask or SLM onto the spectrum.

G. Measurement of shaped pulses

The task of producing a shaped ultrashort pulse
closely connected to the task of measuring such sha
pulse. The field of ultrashort pulse shape measurement
undergone dramatic progress during the last decade, in
allel with progress in pulse shaping. Although it is not po
sible within the scope of this article to give a comprehens
discussion of pulse measurement techniques, neverthele
the following we do give a brief, nonexhaustive overview
methods which have been most frequently applied to cha
terization of shaped pulses.

The technique which has been most often used for m
suring shaped pulses~especially until recently! is intensity
cross correlation, which yields a signal

XI~t!;E dt I1~ t2t!I 2~ t !. ~2.16!

This quantity can be obtained by measuring the average
ond harmonic power generated through the interaction
two pulses with intensity profilesI 1(t2t) and I 2(t) in a
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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second harmonic generation crystal as a function of the r
tive delayt. WhenI 1 is a short pulse directly out of a mod
elocked laser, andI 2 is a shaped pulse significantly long
than I 1 , then the cross-correlation signalXI(t) provides a
good approximation to the shaped intensity profile. Howev
any very rapid features inI 2 varying on the same time sca
as I 1 will be broadened. Furthermore, no phase informat
is available. Note, however, that if pulse shaping is succe
ful in accurately generating a complicated desired inten
profile, as verified by intensity cross correlation, then o
can usually infer that the desired phase profile is also ge
ated at least reasonably well, even without direct meas
ment. This proved true, e.g., in dark soliton propagation
periments, where the nonlinear propagation of the d
soliton pulse in an optical fiber was sensitive both to
shaped pulse intensity and phase profile.78 Nevertheless, the
lack of any direct phase information is a significant limit
tion of the intensity cross-correlation method.

Unshaped pulses in ultrafast optics have been meas
for many years via intensity autocorrelation~see for example
Ref. 85!, which is obtained from Eq.~2.16! by settingI 1(t)
5I 2(t). Although the exact pulse shape cannot be de
mined from intensity autocorrelation data, for simple pu
shapes the approximate pulse duration can still be obtai
However, for complicated shaped pulses, the intensity a
correlation is usually not useful since most pulse shape
formation is lost.

In addition to intensity cross correlation, field cros
correlation measurements can also be useful, especially
low power signals. The electric field cross correlation
given by

Xe~t!;E dt e1~ t2t!e2* ~ t !1c.c., ~2.17!

where ‘‘c.c.’’ means complex conjugate. This quantity c
be obtained by recording the interference fringes betw
two field e1(t2t) ande2(t) as a function of delayt at the
output of an interferometer. Ife1(t) is a short reference puls
~e.g., right out of the laser! and e2(t) is a longer shaped
pulse, then the interference envelope provides an appr
mate measurement of the shaped electric field amplit
ue2(t)u. If the phases of the fringes are also carefully me
sured, then one can also determine the time-dependent p
of e2(t). In this way the shaped electric field is complete
characterized.

An important breakthrough in the field of ultrafast opti
was the relatively recent development of techniques for co
plete amplitude and phase characterization of ultras
pulses. The best known of these techniques is ca
frequency-resolved optical gating, or FROG.86,87 In FROG
one gates the pulse to be measured with an identical ti
delayed version of itself. Various gating mechanisms, s
as second harmonic generation, nonlinear polarization r
tion, and transient gratings, have been employed. The po
spectrum of the output pulse resulting from the nonlin
gating interaction is measured with a spectrometer as a f
tion of time delay between the two pulses. In the case of
polarization rotation gating mechanism, the measured qu
tity S(v,t) can be expressed as
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S~v,t!;U E ein~ t !uein~ t2t!u2e2 j vtdtU2

, ~2.18!

whereein(t) is the pulse to be characterized. Equation~2.18!
is a kind of spectrogram, a type of time-frequency transfo
which is well known in speech analysis for example. O
important feature of this measurement approach is that t
dependent frequency shifts~chirps! can often be visualized
directly and intuitively. A second~and most important! fea-
ture is that both the complete intensity and phase profile
the ultrashort pulse can be recovered, in practice by us
iterative computer optimization techniques.

One example of FROG data, using polarization rotat
gating, is shown in Fig. 12.87,88 Here the input pulses wer
derived from a Ti:sapphire chirped pulse regenerative am
fier, with a mask placed at the Fourier plane of the pu
stretcher in order to block the central frequency compone
as a simple example of pulse shaping. The modulation al
the delay axis in the experimental FROG trace@Fig. 12~a!# is
indicative of a strong temporal modulation, which is in fa
observed in the retrieved multiple-pulse intensity profi
@Fig. 12~b!#. The modulation along the wavelength axis
the FROG trace arises due to the double peaked nature o
shaped spectrum.

A second example of FROG data, applied to optimiz
tion of high power pulses from a chirped pulse amplifi
system though pulse shaping, is presented in Sec. VII
~Fig. 31!.

There are two ways in which FROG can be applied
characterization of shaped pulses. In the first, FROG is
plied to measure the shaped pulse itself, as in the exam
above. A limitation of this approach is that for sufficient
complicated waveforms, convergence of the computer r
tine for recovering the temporal phase and intensity profi
from the FROG data may become less dependable. S

FIG. 12. ~a! Measured FROG trace of amplified, shaped signal,~b! Time-
dependent intensity~solid! and phase~dashed! retrieved from FROG data.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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examples of waveforms from a pulse shaper that have b
characterized by FROG are published in Refs. 88–90. In
second case, FROG is used to completely characterize p
from the modelocked laser, which then serve as refere
pulses for measurement of the more complicated sha
pulses, using noniterative techniques such as intensity
electric field cross correlation or spectral interferometry~see
later!.

Another technique which can be applied to character
tion of shaped pulses is based on spectrally and tempo
resolved upconversion. Experiments of this type split
waveform to be characterized into two parts: one is used
reference, while the other is spectrally sliced, e.g., by usin
simple pulse shaper containing a narrow slit at the Fou
plane or by using an interference filter, and thereby stretc
in time to a duration much longer than the reference pu
The upconversion cross-correlation signal between the re
ence and spectrally sliced pulses is generated using a se
harmonic crystal and then analyzed. In the earliest appro
the temporal position of the spectrally sliced pulse is m
sured as a function of the frequency of the transmitted sp
trum, which is varied by translating the slit in the pul
shaper in a series of correlation scans.91,92 This yields the
frequency dependent delayt(v), which is related to the
spectral phasef(v) by

t~v!52
]f~v!

]v
. ~2.19!

In another approach, the upconversion signal was spect
resolved using a spectrometer as a function of cro
correlation delay for a fixed position of the slit~i.e., a fixed
spectral slice!,93 which gives similar information. Compare
to FROG, one advantage of these techniques is that du
their noniterative nature, data can be analyzed fast eno
for real-time display of the pulse characterization data.
disadvantage is that the bandwidth of the spectral slicer m
be consciously chosen to be narrower than the most rap
varying spectral features of the waveform under test~and this
may not be knowna priori! in order to achieve accurat
results.

These early experiments cited earlier were used for c
acterization of unshaped pulses. Recently related meth
have been applied to shaped pulses. In one case the me
of Refs. 91 and 92 was generalized by including a multip
slit mask in the Fourier plane.44 Different pairs of slits give
rise to various interference features in the time-domain
tensity cross-correlation trace, and the temporal phase or
sition of these interference features provide information
f(v), which can be extracted automatically via Four
analysis. An improvement compared to the earlier work
that only a single cross-correlation scan is required. T
examples of pulse measurement data obtained using thi
called ‘‘direct optical spectral phase measurement’’~DP-
SOM! are shown in Fig. 13. In one case an ‘‘odd pulse’’28 is
generated by imposing an abruptp phase shift into half of
the spectrum, resulting in a pulse doublet which is partia
resolved in the conventional intensity cross-correlation tr
@Fig. 13~a!#. In the second case, a glass plate was inse
into half of the spectrum in the pulse shaper, leading t
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frequency-shifted pulse doublet, with the two pulses clea
resolved in the cross correlation@Fig. 13~c!#. The spectral
phase data extracted from the DPSOM measurement
shown in Figs. 13~b! and 13~d!. In the latter trace, the linea
spectral phase evident over half of the spectrum correspo
as expected to a simple time delay of that half of the sp
trum, as per Eq.~2.19!.

Another case of this type of measurement which h
been used for shaped pulse characterization has been n
STRUT ~for ‘‘spectrally and temporally resolved upconve
sion technique’’!. This method is related to that of Ref. 93
but adapted for a single-shot measurement geometry
real-time data analysis for application to femtosecond am
fier systems.94,95 An example of STRUT data is discussed
Sec. IV.

Finally, we mention spectral interferometry,96 in which a
short reference pulse with spectrumE1(v) is combined with
the pulse to be characterized~e.g., a shaped pulse! with spec-
trum E2(v). The two pulses are given a relative time del
t, and the resulting power spectrum is measured, which c
tains an oscillatory term of the form

S~v!;E1~v!E2* ~v!e2 j vt1c.c. ~2.20!

The spectrum contains fringes with period approximat
t21, which can be analyzed for the case of a sho
bandwidth-limited~or well characterized! reference pulse to
yield the complex spectrumE2(v). Note that it is the fre-
quency dependent deviation of the spectral fringe per
from the average period that yields spectral phase infor
tion; the average fringe period itself depends only on
relative delay and not on details of the pulse shape. Furt
more, since this is an interferometry technique, what is ac
ally measured is the relative spectral phase of the pulse u
test with respect to the reference pulse. Spectral interfer
etry has been used by several groups for characterizatio
shaped ultrashort pulses;38,97–99 this technique is relatively
easy to apply since a short pulse directly from the lase
usually available in pulse shaping experiments. In order
obtain the exact spectral phase of the pulse under test,

FIG. 13. ~a! Intensity cross-correlation measurement and~b! spectral phase
of femtosecond ‘‘odd’’ pulse.~c! Intensity cross-correlation measureme
and ~d! spectral phase of frequency shifted pulse doublet.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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must carefully characterize the reference pulse, e.g., by u
FROG, as noted earlier.87 On the other hand, if the referenc
pulse is already known to be approximately bandwidth li
ited, then one can get the approximate spectral phase o
shaped pulse without characterizing the reference pulse.
accuracy of this approach of course depends on how g
the reference pulse is. However, in some situations on
only interested in characterizing the relative spectral ph
between shaped and reference pulses; the exact form o
shaped pulse is not of interest, and therefore, the phase o
reference pulse is not relevant. This situation applies for
ample when one uses spectral interferometry to measure
dispersion of an optical component or subsystem place
one arm of an interferometer. This approach has been u
for characterization of a pulse shaper response to broad
incoherent light illumination100 and for characterization o
dispersion-compensated fiber links suitable for nea
dispersion-free femtosecond pulse transmission.101

III. PROGRAMMABLE PULSE SHAPING USING LIQUID
CRYSTAL SLMs „LC SLMs …

We now proceed to discuss programmable pulse sha
using LC SLMs as a programmable mask. Pulse shap
using other programmable mask technologies, such
acousto-optic modulators, will be discussed in subsequ
sections. Note that some of the discussion in this sect
such as SLM construction, is specific to pulse shaping us
LC arrays, whereas other aspects of the discussion,
pulse shaping using phase-only filtering, cover concepts
are also applicable to pulse shaping using other SLM te
nologies.

A. Pulse shaping using electronically addressed
liquid crystal modulator arrays

Liquid crystal modulator~LCM! arrays have been pri
marily configured for either phase-only or phase-an
amplitude operation in pulse shaping applications. Figure
depicts an apparatus for programmable pulse shaping us
LC SLM in phase-only operation.34,35 Compared to pulse
shaping setups using fixed masks, the main differences
that the fixed masks are replaced by the LC SLM, and a
of half-wave plates are used to rotate the polarization in
der to match that required by the modulator array. The
array allows continuously variable phase control of ea
separate pixel~whereas fixed masks usually provide only b
nary phase modulation! and allows programmable control o
the pulse shape on a millisecond time scale.

FIG. 14. Programable pulse shaping apparatus based on a LCM arr
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Figure 15 shows a schematic of an electronically a
dressed, phase-only LC SLM.35 A thin layer of a nematic
liquid crystal is sandwiched between two pieces of gla
The nematic liquid crystal consists of long, thin, rod-lik
molecules, which in the absence of an electric field
aligned with their long axes along they direction. When an
electric field is applied~in the z direction!, the liquid crystal
molecules tilt alongz, causing a refractive index change fo
y-polarized light. A maximum phase change of at least 2p is
required for complete phase control. In order to apply
required electric field, the inside surface of each piece
glass is coated with a thin, transparent, electrically condu
ing film of indium tin oxide. One piece is patterned into
number of separate electrodes~or pixels! with the corre-
sponding fan out for electrical connections. In the origin
‘‘homemade’’ modulator array in Fig. 15, there are 128 p
els with 40mm center-to-center pixel spacing, 2.5mm gaps
between pixels, and a total aperture of 5.1 mm. Current co
mercially available LC SLMS also have 128 pixels, but wi
100 mm center-to-center pixel spacing for a 12.8 mm ap
ture. The modulator array is controlled by a special dr
circuit which generates 128 separate, variable amplitude
nals to achieve independent, gray-level phase control o
128 modulator elements. An additional point concerning
drive circuitry is worth noting. Each drive signal actual
consists of a variable amplitude bipolar square wave, ty
cally at a few hundred hertz or above, rather than a varia
amplitude direct current~dc! level. The use of an alternatin
current~ac! drive signal is required to prevent electromigr
tion effects in the liquid crystal.102 Otherwise the use of a
square wave as opposed to a dc level does not change
operation of the modulator, since the rotation of the liqu
crystal molecules depends only on the amplitude~not the
sign! of the applied voltage. Input data for the drive circuit
loaded into local memory from a personal computer, th
facilitating the generation of complex phase patterns.

Figure 16 shows an example of real-time pulse shap
data measured using an earlier 32 element liquid cry
phase modulator array and 75 fs pulses at 0.62mm from a
coliding-pulse-modelocked dye laser.34 In the experiment
half of the pixels were connected to a constant amplitu
drive signal, while the other half were switched at a 20
rate between the different drive levels. In one state,
phases are all the same, and the output is a single p

.

FIG. 15. Schematic diagram of an electronically addressed, phase-onl
SLM.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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similar to the input pulse. In the other state, half of the pix
experience a relative phase shift ofp. With the particular set
of connections chosen in this experiment, this results i
pulse doublet. The pulse intensity profiles~top trace! shown
in Fig. 16 were obtained by using a real-time cros
correlation setup, which was driven in synchronism with t
time-varying drive signal~bottom trace!. The data demon-
strate complete switching from a single pulse to a pulse d
blet within 25 ms. Under appropriate drive conditions, su
LCM arrays are capable of switching in;10 ms. It is im-
portant to point out, however, that switch-on and switch-
times are usually not the same and depend on the bias
age levels.

In order to use LC SLMs for gray-level phase control
careful phase versus voltage calibration is required. This
be accomplished by using the array as an amplitude mo
lator for a continuous-wave~cw! laser. The laser is linearly
polarized, with its polarization rotated 45° relative to t
alignment direction of the liquid crystal, and focused onto
single pixel of the multielement modulator. The phase c
bration is obtained by measuring the transmission throug
subsequent crossed polarizer and using the relation

T~V!5sin2S fy~V!2fx

2 D , ~3.1!

where T(V) is the fractional transmission through th
crossed polarizer, andV is the applied voltage. Herefx cor-
responds to light polarized along the short axis of the liq
crystal molecules and is independent of the applied volta
fy(V) corresponds to the voltage-dependent phase pla
onto the optical spectrum when the modulator is position
within the pulse shaper. In Ref. 35 several calibration cur
were measured at different points along the array. The res
shows good uniformity, as required for high quality pul
shaping. The LC array can also be calibratedin situ within
the pulse shaper by using pulse characterization techni
such as spectral interferometry to measure the spectral p
changes imposed on an ultrashort pulse.

Gray-level phase control can be used to accomplis
number of interesting pulse shaping tasks. For example,
ing the modulator array to impart a linear phase sweep o
the spectrum corresponds in the time domain to pulse p

FIG. 16. Real-time pulse shaping data. Top trace: pulse intensity pro
measured using a real-time cross-correlation setup, showing switching
tween two distinct waveforms with 25 ms. Bottom trace: Time-varyin
drive signal to the LCM array.
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tion modulation. Pulse position modulation relies on the f
that if f (t) andF(v) are a Fourier transform pair, then th
delayed signalf (t-t) is the Fourier transform ofF(v)
3exp(2ivt). Thus, a pulse can be retarded~or advanced! by
imposing a linear phase sweep onto its spectrum. The delt
is given by the relation

t52df/2pd f , ~3.2!

where df and d f are, respectively, the imposed pha
change per pixel and the change in optical frequency fr
one pixel to the next. For the experiments in Ref. 35 with
128 element modulator,d f was approximately 0.092 THz
and thereforet5210.87 (df/2p) ps. The modulator was
set to provide the required phase sweep modulo 2p, so that
for each pixel the phase is in the range 0–2p. Figure 17
shows cross-correlation measurements of temporally shi
pulses achieved by means of pulse position modulation. D
are shown for a phase change per pixel~df! of 0 and6p/4.
The output pulses occur at 0 and61.38 ps, in close agree
ment with Eq.~3.2!. These data demonstrate the ability
shift the pulse position by many pulse widths by using sp
tral phase manipulation. Note that the total phase swee
these experiments is 32p. Because pixellated LCM array
can be programed to provide the desired phase func
modulo 2p, large phase sweeps can be achieved using mo
lators with maximum phase changes as small as 2p. How-
ever, in any case of a smoothly varying target phase fu
tion, as here, the phase change from one pixel to the n
should remain small enough that the staircase phase pat
which is achieved by the LCM with its discrete pixels, is
sufficiently good approximation to the desired phase fu
tion. This point is discussed further in connection with E
~3.4! later.

Gray-level phase control can also be used to achi
programmable compression of chirped optical pulses.34,35As
one example, we discuss recent experiments in which a p
shaper equipped with a LC SLM was used to complem
fiber dispersion compensation techniques in propaga
;500 fs pulses over a 2.5 km optical fiber link.40 The link
consisted of 2.1 km of standard single-mode fiber~SMF! and
0.4 km of dispersion compensating fiber~DCF!. Since SMF
and DCF have dispersion with opposite signs at the opera
wavelength of 1.56mm, the fiber lengths can be adjusted
cancel all of the lowest order dispersion~i.e., phase varying

s
e-

FIG. 17. Measurements of temporally shifted pulses achieved by pla
linear phase ramps onto the spectrum. Data are shown for phase chang
pixel of 0 and6p/4, resulting in delays of 0 and61.38 ps, respectively.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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quadratically with frequency!. In addition, since the deriva
tives of the dispersion with respect and frequency also h
opposite signs, the dispersion slope~i.e., cubic spectral phas
variations! can also be partially compensated. In the expe
ments in Ref. 40,;500 fs input pulses are first broaden
;400 fold in propagating through the SMF, then reco
pressed by the DCF to within a factor of 2 of the input pu
duration. Intensity cross-correlation measurements of the
put pulse and output pulse after 2.5 km fiber propagation
shown in Figs. 18~a! and 18~b!, respectively. The remaining
broadening and distortion of the output pulse are charac
istic of a cubic spectral phase variation. At this point, a L
SLM in a pulse shaper can be used to apply a spectral p
function @Fig. 8~d!# which is equal and opposite to the es
mated residual phase variation of the output pulse from
fiber link. The result, shown in Fig. 18~c! is a completely
recompressed pulse with the original pulse duration and
observable distortion. Thus, in these experiments all-fi
techniques are used for coarse dispersion compensa
while a programmable pulse shaper is used to fine tune
remaining dispersion. Similar experiments extended
shorter pulses~400 fs! and longer fiber spans~10 km! have
recently been reported.103 Pulse shapers with LCM array
have also been used for compensation of residual disper
in chirped pulse amplifier systems69,82and for adaptive com-
pression of chirped pulses~see Sec. II D!.

Gray-level phase control for pulse position modulati
and programmable pulse compression, first demonstrated
ing LCMs, has also been extended to pulse shaping sys
using moveable or deformable mirrors or acousto-op
modulators. This will be discussed in later sections.

LC SLMs have also been used for phase-only filter
and shaping of pulses with temporal resolution approach
10 fs. Figure 1936 shows one example, where;13 fs pulses
from a modelocked Ti:sapphire laser with a center wa
length of approximately 800 nm are shaped using
all-reflective-optics30 pulse shaper. The LCM imparts a cub
spectral phase variation, leading to an asymmetric distor

FIG. 18. ~a! Input pulse to the 2.5 km fiber link.~b! and ~c! Output pulses
from the fiber link with ~b! constant phase or~c! cubic phase correction
applied to the LCM.~d! The cubic phase correction function.
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similar to that seen in Fig. 18~b! and in good agreement with
the calculated pulse shape.36

For the most general pulse shaping operation, indep
dent control of spectral phase and amplitude is desir
Given the appropriate input polarization relative to the liqu
crystal axis, a single LCM array together with a polarizer c
be used as an amplitude modulator; however, this leads
to a phase modulation which depends on the amplit
modulation level. Therefore, for independent phase and
plitude control the use of two LC arrays is required. Orig
nally this was accomplished by modifying the setup of F
14 to contain two telescopic lens pairs~four lenses! between
the gratings, with separate LC SLMs between the first a
second and third and fourth lenses, respectively.58 A consid-
erably simplified and improved setup, which is currently t
preferred geometry for independent phase-amplitude mo
lation, was achieved by combining two LC arrays into
single device, as depicted in Fig. 20.104 The two arrays are
attached permanently with their pixels aligned and angu
orientations fixed. Each array consists of 128 pixels on 1
mm centers with 3mm gaps. The dual-LC–SLM unit is
placed between a pair of Polacor polarizers passing light

FIG. 19. Shaping of 13 fs pulses using a phase-only liquid crystal ph
modulator array. In this example, the LCM produces a cubic spectral ph
variation, leading to the asymmetric distortion seen in the intensity cro
correlation plot.

FIG. 20. Schematic diagram of pulse shaping using an electronically
grammable dual LCM array offering independent phase and amplitude
trol.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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larized along the spectral dispersion direction~horizontal in
Fig. 20, denotedx!. In this orientation there is no need t
rotate the polarization between the gratings and LCM arr
therefore, no wave plates are required. With the propaga
direction denotedz and the second transverse direction~ver-
tical in Fig. 20! denotedy, the long axes of the liquid crysta
molecules in the two SLMs are aligned at645° with respect
to thex axis. When a voltage is applied to a pixel in one
the SLMs, the liquid crystal molecules in that pixel are r
tated towardz, resulting in a phase modulation for the com
ponent of light parallel to the liquid crystal axis in that SLM

For x-polarized light incident on a particular pixel of th
dual SLM array, the output field is given by

Eout5
Ein

2 Hexp~ j Df~1!!~x1y!1exp~ j Df~2!!~x2y! ~3.3a!

5Ein expF j ~Df~1!1Df~2!!

2 GFx cosS Df~1!2Df~2!

2 D
1 j y sinS Df~1!2Df~2!

2 D G J , ~3.3b!

whereEin is the amplitude of the incidentx-polarized light
and Df (1) and Df (2) are the voltage dependent birefrin
gences of the first and the second LCM array, respectiv
Using an output polarizer alongx, the output phase and a
tenuation can be set independently by controllingDf (1)

1Df (2) and Df (1)2Df (2), respectively. Note that eac
LCM array in the dual SLM can be calibrated by measur
its amplitude modulation response as a function of volta
with the other LCM array held at constant voltage.

Figure 21105 shows four examples of pulse shaping usi
the dual LC SLM array. The input pulses were 70 fs
duration at 800 nm, and all the traces are intensity cro
correlation measurements using unshaped reference p

FIG. 21. Intensity cross-correlation traces of shaped pulses using the
LCM array. ~a! 800 fs square pulse.~b! Sequence of five, equal-amplitud
pulses.~c! Three pulse sequence with different chirp rates per pulse.~d! Ten
pulse sequence with pulse timing, amplitude, and phase control. In~c! and
~d!, the target intensity profiles are also shown~dashed lines!. @With permis-
sion, from the Ann. Rev. Phys. Chem.46 ~1995!, by Annual Reviews http://
www.AnnualReviews.org#
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directly from the laser. The data represent~a! an 800 fs
square pulse,~b! a five pulse sequence of equal amplitu
pulses in which both the pulse timings and phases are sp
fied, ~c! a three pulse sequence with different chirp rates
pulse, and~d! a sequence of ten 70 fs pulses with pul
timings, phases, and amplitudes all specified. In Figs. 21~c!
and 21~d!, the desired intensity profiles are also shown~as
dashed lines!. Clearly, waveforms with a rather high degre
of complexity can be generated with excellent fidelity.

Finally, we note that dual LC SLMs may be useful fo
controlling the time-dependent polarization profile of u
trashort pulses. This possibility, as well as a simple exp
mental demonstration, are discussed in Ref. 104. Note, h
ever, that the diffraction efficiency of the gratings, whic
usually have a strong polarization sensitivity, make polari
tion pulse shaping more difficult.

It is worth commenting on the degree of extinction po
sible with a LCM for pulse shaping. In my own group, w
have sometimes used single layer LC SLMs~usually used for
phase-only applications! as an amplitude only modulator
which is achieved by rotating the input polarization by 4
and using an appropriately oriented output polarizer. In
data of Ref. 106, an on-off ratio exceeding 30 dB is achiev
for a commercial single layer LC SLM working in the 1.5
mm band. We also have experience using phase-ampli
LCMs at 1.55mm, and are able to achieve on-off ratios
the range 25–30 dB.107 In both cases, an accurate calibratio
of the LCM response is essential. In our experience we
achieve the best accuracy when the calibration is perform
with the LCM placed inside the pulse shaper at exactly
position where it will be used.

The pixellation of electronically addressable phase
phase-and-amplitude LC SLMs leads to one signific
limitation—namely, the SLM can only produce a stairca
approximation even when a smooth spectral profile is
sired. The requirement that the actual spectral modula
should approximate a smooth function despite the fixed,
nite size of the individual modulator elements, limits th
temporal range over which pulse shaping can be success
achieved. Essentially this is a sampling limitation: the sp
trum must vary sufficiently slowly that is adequate
sampled by the fixed modulator elements. For the case
pulse position modulation, for example, we requireudfu
!p, wheredf is the phase change per pixel. From Eq.~3.2!,
then, we findutu!1/2d f ~whered f is the optical frequency
span corresponding to a single pixel!. The effect of pixela-
tion for pulse shaping in general has been analyzed in R
35. The result is

eout~ t !;Fein~ t !* (
n

h~ t2nd f 21!Gsinc~pd f t !, ~3.4!

whereh(t) is the desired impulse response function as
Eq. ~2.1! and sinc(t)5sin(t)/t. This expression assumes ne
ligibly small interpixel gaps and a focused spot size at
masking plane much less than a LCM pixel, so that the te
poral window functiong(t) in Eq. ~2.10! is much wider than
the sinc function in Eq.~3.4!. The result of pixelation is to
produce an output pulse which is the convolution of the in
pulse not only with the desired impulse response funct

ual
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h(t), but also with a series of replica impulse response fu
tions,h(t2nd f 21), occurring at timest5nd f 21. The entire
result is weighted by a temporal window functio
sinc(pd f t), which has its first zeros att56d f 21. If h(t) is
nonzero only during a time intervalutu!d f 21, then the ac-
tual shaped pulse will closely approximate the desi
shaped pulse, except for a few low amplitude replicas aro
times t56nd f 21. On the other hand, ifh(t) takes on a
significant amplitude for times extending out toutu;d f 21,
then a sort of temporal aliasing, in which the replica wav
forms blend into the main waveform centered att50, will
occur.

It is worth mentioning that in actual experiments, t
focused spot size at the masking plane if desired can be
approximately equal to the pixel size. In this case the spec
filter function from Eq.~2.9! is a smoothed version of th
spatial profile corresponding to the pixelated SLM. The c
responding Gaussian time window function significantly
duces the replica pulses predicted by Eq.~3.4!. This allows
the experimentalist to give up some spectral resolution~op-
timized by minimizing the focused spot size! for the purpose
of smoothing of pixelation effects and elimination of repli
pulses~by increasing the focused spot size!.

Due to the effects just discussed, LC SLMs with pix
counts higher than the 128 used to date in pulse sha
would be desirable. We expect that this will be achieved
future pulse shaping instruments in view of the followin
considerations:

~1! LC devices with substantially higher pixel counts a
in widespread use in display applications, although the s
cific characteristics of these LC display devices are not u
ally directly suitable for pulse shaping.

~2! LC SLMs with a much higher degree of sophistic
tion than currently used for pulse shaping have been de
oped for beam forming and beam scanning in laser rada108

For example, dedicated beam steering LC SLMs with o
40 000 pixels, configured to achieve programmable lin
phase sweeps~modulo 2p! via the use of up to 512 indepen
dent address lines, have been reported. These devices s
be directly applicable to pulse shaping applications, si
beam forming and scanning operate based on the princ
of spatial Fourier optics, which are closely analogous to
principles of pulse shaping. A variety of sophisticated LC
devices are discussed in Ref. 108, which also gives an ex
lent overview of relevant liquid crystal principles and tec
nology.

It is also worth noting that programmable pulse shap
using ferroelectric liquid crystals~rather than the nemati
liquid crystal discussed earlier! has also been
demonstrated.109 Ferroelectric liquid crystals offer approx
mately two orders of magnitude faster response time~;100
ms! but are limited to binary phase modulation and genera
have significant insertion loss.

B. Pulse shaping using optically addressed LC SLMs

Pulse shaping using an optically addressed LC SL
also known as a liquid crystal light valve, was recen
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reported.98 The motivation for this work is to avoid pixela
tion of the pulse shaping SLM.

A simplified schematic of the LC light valve is shown i
Fig. 22. The light valve consists of two continuous transp
ent electrodes and continuous layers of a twisted nem
liquid crystal and of photoconductive Bi12SiO20 ~BSO!.
When illuminated with light in the blue green, the condu
tivity of the BSO layer depends on the local illuminatio
level. When a voltage is applied between the two electrod
a local change in the BSO conductivity results in a change
the voltage drop across the LC layer. This leads to rotation
the LC molecules and a phase change for light pass
through the layer. The light valve is addressed by usin
display device, such a liquid crystal television which sp
tially modulates light from an arc lamp. Gray-level intensi
changes lead to gray-level phase shifts from the LC li
valve. Pixelation effects are avoided because:~1! the light
valve itself is a continuous device; and~2! the spatial fre-
quency response of the light valve~;10 line pairs per mm!
is not sufficient to resolve the small 40mm pixels from the
LC television. Therefore, the discontinuous pattern on
pixelated display device is transformed into a continuo
spatial response by the LC light valve. The liquid crys
layer of the light valve is placed at the focal plane of
grating-lens pulse shaper for spectral phase filtering.

Control of the light valve is more complicated than f
the electrically addressed SLMs discussed earlier, since
interaction between nearby pixels of the input display devi
the limited spatial frequency response of the light valve, a
the effect of illumination conditions make it difficult to com
pute the input image needed to achieve a specified ph
pattern. To achieve a target phase pattern, an approxim
~best guess! input picture was applied, and then spectral
terferometry was used to measure the achieved spe
phase profile. A feedback loop then increases or decre
the local gray-level illumination intensity, dependin
whether the measured phase change at the correspon
wavelength is higher or lower than the target value, un
convergence is achieved. Reference 98 demonstrated
method to induce arbitrary phase patterns, e.g., fourth o
phase targets, with a phase control accuracy of;3%. This
approach was also used to demonstrate compressio
chirped pulses from a modelocked Ti:sapphire laser osc
tor from 150 to 50 fs98 and spectral phase modulation at t

FIG. 22. Schematic diagram of an optically addressed liquid crystal li
valve.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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input of a millijoule-class chirped pulse amplifier~CPA! sys-
tem allowing improvement of amplified pulse quality as w
as generation of antisymmetric pulse doublets at the am
fier output.110

In these experiments the LC light valve was able to p
vide a maximum phase shift of 12 rad. Unlike the pixelat
LC modulators, where one can have 2p phase jumps be
tween adjacent pixels and, hence, program desired p
functions modulo 2p, for the nonpixelated light valves
abrupt phase jumps are not possible. Therefore, the
phase sweep is in fact limited to a maximum of 12 rad. D
to the limited spatial frequency response of the LC lig
valve, the spectral resolution of the pulse shaper was 3
~with the total optical bandwidth set to;50 nm!, which is
significantly coarser than that obtained in experiments us
pixelated LC SLMs. For these reasons, the optically
dressed approach is better suited for correction of small
sidual phase in CPA systems than it is for generation
strongly modulated spectral phase profiles. On the o
hand, liquid crystal light valves with significantly improve
spatial frequency response have been reported,111 which
could potentially be applied to improve spectral resolut
for pulse shaping applications.

IV. PROGRAMMABLE PULSE SHAPING USING
ACOUSTO-OPTIC MODULATORS

Programmable pulse shaping based on the use o
acousto-optic modulator~AOM! as the SLM has been deve
oped by Warren and co-workers.80,112–114The apparatus is
depicted in Fig. 23. The AOM crystal, typically TeO2, is
driven by a radio-frequency~rf! voltage signal, which is con
verted into a traveling acoustic wave by a piezoelectric tra
ducer. The acoustic wave travels across the modulator
velocity vac, leading to a refractive index grating through th
photoelastic effect. The grating periodL is given byvac/n,
wheren is the rf drive frequency. The grating can be pha
amplitude, or frequency modulated through the use of a c
respondingly modulated rf drive waveform; ideally the sp
tial grating s(x) would be related to the input voltagev(t)
through s(x);v(x/vac). In practice there are a number o
mechanisms which distort this ideal relationship, as d
cussed later. When the spatially dispersed optical freque
components diffract off the grating, the optical spectrum

FIG. 23. Programmable pulse shaping apparatus based on the use
AOM as the SLM.
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modified according to the grating spatial modulation fun
tion. This results in the desired Fourier transform pulse sh
ing operation.

AOMs are a relatively mature technology which ha
been commercially available for many years. In the follo
ing we briefly describe some of the typical operating char
teristics of AOMs used for pulse shaping. Further detail
given in Refs. 80 and 113.

~1! The time for the acoustic wave to move across
modulator aperturel a is to5 l a /vac. This aperture time de-
termines how quickly a new spatial pattern can be load
into the device. For TeO2 the acoustic velocity isvac

54.2 mm/ms. For the experiments reported in Refs. 112 a
80, the modulators had 5 mm and 4.3 cm apertures, res
tively. The corresponding aperture times are 1.2 and 10ms,
which means that the acoustic grating pattern can be upd
on a microsecond time scale.

~2! The acoustic grating pattern, which propagates acr
the modulator, is not fixed. Although the grating does app
frozen during readout by a single femtosecond or picosec
pulse, the pattern can shift significantly during the time b
tween pulses for typical modelocked laser sources. For
ample, for a modelocked laser with 100 MHz repetition ra
the grating in a TeO2 AOM travels by 42 mm between
pulses, which is larger than the acoustic wavelength for ty
cal drive frequencies of 100–200 MHz. Therefore, the AO
technique cannot in general be used for pulse shaping
high repetition rate laser sources, since the pulse sh
would change from pulse to pulse. Note, however, that thi
not a limitation for amplified ultrafast laser systems whe
the pulse repetition rate is usually slower than the acou
aperture time, since this allows the acoustic pattern to
refreshed before and synchronized to each amplifier pu
For this reason AOM pulse shaping is usually restricted
applications involving femtosecond amplifier systems.

~3! The number of independent acoustic features wh
can be placed within the full aperture of the AOM provid
an upper limit to the pulse shaping complexityh @see Eqs.
~2.12!–~2.13!#, which is the same as the number of spect
features which can be placed onto the spectrum. The num
of independent pixels of resolution available is proportion
to Neff;Dnto5Dnla /vac, whereto is the acoustic aperture
time, Dn is the modulation bandwidth of the AOM, an
Dnto is the AOM time-bandwidth product. For the larg
aperture (l a54.3 cm) AOM used in Refs. 80 and 113, th
bandwidth is given asDn590 MHz, resulting in Dnto

'900. Therefore, an appropriate AOM should be able
place up to nearly a thousand independent features onto
spectrum, provided it is placed within an optical system w
sufficient resolution. However, making use of all this pote
tial resolution depends on setting up the pulse shaping a
ratus for very high spectral resolution. To date the high
experimental resolution obtained via AOM pulse shaping
pears to be on the order 100–150, which is achieved in
periments where;75 fs input pulses are reshaped over a
ps window. This is comparable to what has been dem
strated in pulse shaping using LC SLMs.

~4! From an implementation perspective, it is necess
to be able to generate the complicated rf voltage wavefo

an
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needed to excite appropriately shaped acoustic wavefo
This can be accomplished using electronic arbitrary wa
form generator~AWG! technology, which can produce com
plicated voltage waveforms under computer control. T
most economical approach uses baseband AWGs, with b
widths of perhaps of few tens of megahertz; the outputs fr
the AWGs are converted to the acousto-optic center
quency~typically a few hundred megahertz! using a simple
rf oscillator and rf mixers. In these schemes two baseb
AWGs may be needed, one for each quadrature of the fin
signal. An alternative but more expensive approach use
single high-bandwidth AWG to produce the desired mod
lated rf waveform directly. For further discussion, see R
113.

Figure 2480 shows an example of a relatively comple
experimental waveform. In this case the femtosecond p
source was a modelocked laser oscillator with;100 MHz
repetition rate, so a boxcar integrator running at 20 kHz w
used in the measurement to select those pulses for which
acoustic waveform was properly phased. The waveform c
sists of an initial pulse followed by a series of delayed pul
with linear, quadratic, cubic, and quartic spectral phase,
spectively. Excellent agreement between experimental
theoretical cross-correlation traces was observed. A num
of other complex waveforms have been reported. These
clude pulses with cubic spectral phase up to 90p,113 pulses
with a combined 50p cubic and 40p quintic spectral
phase,113 and amplified pulses with hyperbolic secant amp
tude and hyperbolic tangent frequency sweep.114 The latter
waveform has potential applications for optical adiaba
rapid passage experiments in atomic systems.

A detailed time-frequency characterization of t
frequency-swept hyperbolic secant pulse was performe114

using the STRUT95 technique described briefly in Sec. II G
Note that for the amplified pulse experiments, the AOM m
also be programed to precompensate for residual spe
phase arising in the CPA system as well as any spec
amplitude distortion that may arise in the acousto-optic pu
shaper system.80,114 Experimental and theoretical STRU
traces for the frequency-swept pulse, with a target analyt
form given by

FIG. 24. Dashed line: intensity cross-correlation trace of waveform ge
ated using an AOM in a pulse shaper. The waveform consists of an in
pulse followed by a series of delayed pulses with linear, quadratic, cu
and quartic spectral phase, respectively. Solid line: theoretical trace.
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are shown in Fig. 25.114 Clearly both traces show a clos
resemblance. For a simple interpretation of the STRUT d
recall that the measurement provides information on
frequency-dependent delayt~v!. The instantaneous fre
quency shift as a function of time can be visualized appro
mately by rotating the data by 90°, so that wavelength
pears to plotted as a function of delay. In this orientation
data appear to take on the shape of hyperbolic tangent, w
is consistent with the predicted frequency shift

Dv~ t !52
]f~ t !

]t
5rm tanh~rt ! ~4.2!

arising from the temporal phasef(t) in Eq. ~4.1!. Further
data from these measurements, including the recovered s
tral phase information and its derivative which givest~v!
can be seen in Ref. 114.

r-
al
c,

FIG. 25. ~Color! ~A! Experimental and~B! theoretical STRUT traces for
pulse with a hyperbolic tangent frequency sweep.
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It is useful to classify AOMs as operating in either th
Raman–Nath or Bragg regime. In the Raman–Nath reg
the AOM may be described as a thin grating, whereas in
Bragg regime the AOM is described as a thick~volume!
grating. Quantitatively the AOM may be classified using
parameterQ, defined by

Q5
2plmL

L2 , ~4.3!

whereL is the interaction length~thickness! in the grating,
lm is the optical wavelength in the material, andL is the
acoustic wavelength. The dependence of AOM opera
versusQ has been discussed in the context of pulse shap
in Refs. 80 and 113. ForQ<0.1, the AOM is in the Raman–
Nath regime, which is characterized by a diffraction ef
ciency which scales quadrically with acoustic amplitude a
by the absence of any pronounced angular selectivity~which
can lead to multiple diffracted orders from the acousto-op
grating!. For Q>4p, the AOM operates in the Bragg re
gime. In this regime the AOM has a strong angular selec
ity, and only light incident near a certain angle~the Bragg
angle! can be efficiently diffracted. The Raman–Nath regim
gives the best spatial~hence, spectral! resolution due to the
thin interaction region; however, the diffraction efficiency
relatively low and even in the case of very strong acou
waves is limited to a theoretical maximum of 30%~due to
diffraction into multiple orders!. In the Bragg regime the
diffraction efficiency can be very high~theoretically 100%!,
and the required acoustic amplitudes are reduced. Howe
the thick interaction region degrades spatial~spectral! reso-
lution and reduces the rf as well as the optical bandw
According to Refs. 80 and 113, a value ofQ>4p appears to
be a good compromise for pulse shaping applications.

There are several factors which impact the fidelity a
the pulse shaping resolution available with an AOM, a
predicting the detailed effect of these factors in any giv
situation is rather complicated. A detailed discussion is giv
in Refs. 80 and 113; we summarize the key points brie
later.

The pulse shaping resolution of an AOM is limited bo
by the minimum acoustic feature size~hence, the time-
bandwidth product! and by the finite optical beam size. Th
beam size in turn is limited not only by the factors discuss
in Sec. II C, but additionally due to the finite interactio
length in an AOM operating in or near the Bragg regim
There are three principal issues, as follows:

~1! The finite interaction thickness of the AOM impos
a minimum optical spot size such that the depth of foc
remains greater than or equal to the thickness. If the opt
spot is further decreased, the depth of focus is also redu
with the result that the average spot size within the inter
tion region actually increases! The minimum ratio of t
average optical spot size to the minimum acoustic fea
size can be shown to depend only on theQ parameter and the
refractive index. ForQ54p the minimum average optica
spot size is approximately equal to the minimum acou
feature size, which means that the achievable pulse sha
resolution is somewhat reduced~by less than a factor of 2!
compared to that implied by the time-bandwidth product.
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~2! The input beam must be incident on the AOM at t
Bragg angleub5l/2L5ln/2vac, werel andL are the op-
tical and acoustic wavelengths,n is the acoustic frequency
andvac is the acoustic velocity. Since the incidence angle
therefore detuned from normal incidence, some optical
quencies will be focused before the AOM, others after
AOM. This effect becomes more important when either t
acoustic center frequency~hence, the Bragg angle! or the
AOM aperture is increased. A reasonable criterion is that
the optical frequencies should be focused within a Rayle
rangepw0

2/l, wherew0 is the Gaussian beam radius at t
AOM. For a fixed aperture, there is a maximum acous
frequency which satisfies this criterion. Since the modulat
bandwidth of an AOM is generally proportional to the cen
frequency, this also limits the bandwidth and, hence,
maximum time-bandwidth product. For the 4.3 cm modu
tor used in Refs. 80 and 113, the maximum bandwidth is 3
MHz, which is larger than the center frequency used in
experiments.

~3! The horizontal displacement of the diffracted bea
in the interaction region must be much less than the m
mum acoustic feature size to avoid limiting spatial/spec
resolution. This condition is satisfied in the experiments
Refs. 80 and 113.

The pulse shaping fidelity of an AOM pulse shaper
impacted both by acoustic attenuation and acoustic non
earities. The intrinsic attenuation coefficient due to the m
terial generally scales quadratically with acoustic frequen
which results in a time and frequency dependent wavefo
distortion~since position along the AOM aperture is propo
tional to time delay!. Compensation for such a coupled tim
and frequency dependent distortion is challenging. On
other hand, at relatively low drive frequencies, other atte
ation mechanisms such as acoustic walkoff related to
transducer geometry may dominate. In such cases the att
ation can be nearly frequency independent and can be
brated simply; precompensation for the acoustic attenua
is then much easier to accomplish.

Acoustic nonlinearities can have a serious affect
pulse shaping fidelity. Acoustic nonlinearities are in gene
frequency, intensity, and material dependent, and are par
larly strong in the TeO2 material used in most pulse shapin
experiments. Such nonlinearities can lead to intensity dep
dent acoustic attenuation as well as acoustic intermodula
products. In TeO2 significant nonlinearities occur for rf pow
ers well below those needed to reach full diffraction ef
ciency. Even at diffraction efficiencies of 10%–15%, the
are significant nonlinear effects. Therefore, nonlinearit
tend to restrict AOMs used in pulse shapers to the low d
fraction efficiency regime and create complicated distortio
for which precompensation is nontrivial.

One approach to improve pulse shaping fidelity witho
the need for a complicated theory-based precompensa
procedure is to use a feedback loop in which the drive
plied to the AOM is modified in response to the experimen
data. This adaptive pulse shaping approach was describe
Sec. II D. Adaptive pulse shaping using an AOM as the SL
has been demonstrated in quantum control experiments
amplified laser systems.73,74 This feedback approach is esp
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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cially important for AOM pulse shaping due to the wavefor
distortion effects discussed earlier.

The diffractive nature of the mask in AOM pulse sha
ing also gives rise to new dispersive effects which are
present in pulse shaping using transmissive or reflec
masks or modulators. One effect is evident by referring
Fig. 23: the path lengths for optical frequency component
the top part of the figure are clearly longer than those at
bottom part of the figure.112 Such a frequency dependent pa
length constitutes a dispersion, which to lowest order i
quadratic spectral phase variation. This dispersion can
compensated by changing one of the lens-grating separa
or by using an external prism pair84 compressor. Note, how
ever, that either procedure will introduce some higher or
~cubic! dispersion, which becomes more important as
pulses get shorter. A second effect involves the variation
the Bragg angle and the diffraction angle with optic
frequency.113 This effect should also become more importa
for shorter pulses and larger optical bandwidths. To date
shortest pulses for which AOM pulse shaping has been
ported are on the order of 50 fs.73 The effects described
earlier could conceivably preclude the extension of AO
pulse shaping to shorter pulses. However, the short p
limits of AOM pulse shaping have not yet been tested.

Although the traveling acoustic wave usually restric
AOM pulse shaping to low repetition rate experiments w
amplified or pulse selected laser systems, one application
which AOM pulse shaping can be performed in conjunct
with high repetition rate cw-modelocked lasers was rece
reported.115 In this application a linear phase sweep is im
posed onto the spectrum, which delays the optical puls
proportion to the amplitude of the phase sweep. This i
was previously demonstrated using a LCM array.34,35 In the
AOM case, the linear phase sweep corresponds to a sim
shift in the applied rf drive frequency, which produces
pulse position modulation or tunable optical delay prop
tional to the rf frequency shift. Since the acoustic wavefo
is not spatially modulated, its motion across the aperture
no effect ~except for an overall optical phase shift whic
varies from pulse to pulse!. Experiments using 350 fs pulse
in the 1.55mm lightwave communications band achieved
tunable optical delay of 0.34 ps/MHz. Tuning was demo
strated over a delay range of 30 ps, although the pulse in
sity decreased away from the center position. The delay
ing range was approximately 15 ps to maintain an inten
variation under 3 dB. The delay can be switched in only
ms, which is the acoustic aperture time of the AOM used
these experiments.

Reference 115 also demonstrates an interesting delay
pendent dispersion effect, which would appear to apply
pulse shaping generally~not just to AOM pulse shaping!.
This effect arises when the diffraction gratings are not p
pendicular to the optical axis of the pulse shaping syst
For a tilted grating, the distance between the grating and
pulse shaping lens depends on the transverse position a
the grating. As discussed in Sec. II C, a time delay in pu
shaping also corresponds to a lateral shift in the out
beam62 @see Eq.~2.14!#. This lateral shift therefore corre
Downloaded 22 Mar 2004 to 128.46.200.139. Redistribution subject to A
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sponds to a different lens-grating separation, which is kno
to give a different dispersion42 @see Eq.~2.15!#.

V. LIQUID CRYSTAL ARRAYS AND AOMs: PULSE
SHAPING COMPARISON

In this section we briefly summarize Secs. III and IV b
comparing LC and AOM pulse shaping technology, whi
are the two programmable pulse shaping approaches w
have been most widely investigated. General purpose p
shaping using deformable mirror~DM! technologies are de
scribed in Sec. VI; however, at present there is significan
less experimental experience with these devices than
LC or AOM pulse shaping. Therefore, DM pulse shaping
not included in the comparison in this section. For the L
technology, we concentrate on the nematic liquid crys
technology which has been used most extensively. We o
nize the discussion according to several important per
mance indicators, listed below. It is important to emphas
that both LC and AOM pulse shaping approaches each h
their own specialized advantages, and determination of
preferred choice for a specific experiment may involve
number of trade offs depending on the most important
quirements for that experiment.

(a) Pulsewidth. The LC approach has been tested do
to 13 fs, and no obvious factors limiting the extension
shorter pulses have been identified. AOM shaping has b
studied most extensively on the 100 fs time scale, with o
experiment reporting pulses as short as 50 fs. There are
eral factors which are expected to make the AOM appro
more difficult for much shorter pulses, although compen
tion of these factors may be possible. Further experime
are needed to determine the short pulse limits for both
and AOM pulse shapers.

(b) Reprogramming time. For AOMs the reprogramming
time is determined by the acoustic aperture time, which is
the order of microseconds. For nematic LC arrays, the rep
gramming time is determined by the liquid crystal mater
response, typically on the order of 10 ms.

(c) Pulse repetition rate. Once programmed, the LCM
remain static, and therefore can handle pulse trains at v
ally any repetition rate. The traveling wave nature of t
AOMs generally limit these devices to pulse repetition ra
slower than the acoustic aperture time. Therefore, AOMs
applicable to amplified or pulse selected systems but ge
ally not to cw modelocked systems.

(d) Modulation format. Both LC and AOM approaches
offer the ability to perform independent, gray-level spect
amplitude and phase control.

(e) Pulse shaping complexity. Pulse shaping complexity
is usually defined as the number of independent featu
which may be placed onto the spectrum, which is equival
to the number of independent features which may be syn
sized onto the output temporal waveform@see Eq.~2.14!#.
From the perspective of modulator technology, in the L
case the pulse shaping complexity is limited by the num
of pixels. Current LC arrays used for pulse shaping are 1
pixel devices, although devices with larger pixel counts ha
been demonstrated for other applications. In the AOM c
the complexity may approach the time-bandwidth produc
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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the modulator, which can be of order 1000 with comm
cially available devices. However, the pulse shaping co
plexity is also limited by the optical system placed arou
the modulator. Data representative of the highest comple
waveforms published in the literature for LC and AOM pul
shaping can be seen in Figs. 21 and 24, respectively. For
21~d!, the total time window and individual pulse duration
are;4 ps and 70 fs, respectively, for a ratio of roughly 5
For Fig. 24, the corresponding numbers are;9 ps and 90 fs,
respectively, giving a ratio of roughly 100. Thus, at pres
the highest published complexity is somewhat less tha
factor of 2 higher for AOM vs LC pulse shapers. This com
parison could change in the future either due to advance
LCM technologies or due to improvements in the optic
systems surrounding AOM pulse shapers.

(f ) Efficiency. LCMs are inherently high efficiency de
vices, with transmissions approaching 100%. AOMs
typically limited to low diffraction efficiency by acoustic
nonlinearities, which can be important even for diffracti
efficiencies on the order of 10–15%. In both cases there
additional losses due to diffraction off the gratings, etc.

(g) Pulse shaping fidelity. Excellent pulse shaping fidel
ity has been achieved for both LC and AOM approach
without the need for feedback control. For the LC case,
pixelated nature of the modulator can lead to temporal s
lobes for spectral patterns which vary too rapidly from o
pixel to the next. These sidelobes can be suppressed i
optical system is constructed to have a spectral resolu
that results in a slight smoothing of the programed spec
pattern; however, this reduces the effective number of pix
available for pulse shaping. For the AOM case, the pu
shaping fidelity can be impacted by acoustic attenuation
acoustic nonlinearities; in general, both of these effects m
be difficult to precompensate. However, under appropr
conditions very high quality waveforms with complexities o
the order of 100 have been demonstrated for AOM pu
shapers, as stated earlier. For the LC and AOM data sh
in Figs. 21~d! and 24, respectively, the data are in excelle
agreement with the experimental target in both cases
qualitative terms, the pulse shaping fidelity appears to
comparable for each of these data sets, at least in the es
tion of this author. At present there is no standard definit
of pulse shaping fidelity that can be used to characte
pulse shaping fidelity quantitatively.

(h) Technology considerations. The AOM approach use
standard AOM technology; this is a mature technology w
devices available from many vendors. For the LC approa
modulator arrays have been available in appropriate form
for approximately five years from a small number of vend
~for mainstream applications such as displays, liquid cry
technology is much more highly developed!. The AOM ap-
proach uses rf electronics and a single serial transdu
while 256 separate wires and a bank of low frequency e
tronics are used to control the 128-element amplitude
phase LC arrays.

(i) Ease of control. First we consider open loop contro
~the pulse shaper is not in a feedback loop!. For the LC
approach, the phase and amplitude response must be
brated. However, the calibration is not too difficult and c
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be performed accurately enough to give very good pu
shaping results. For the AOM approach, if everything we
ideal, no calibration would be necessary, at least in the
diffraction efficiency limit, where the output field is directl
proportional to the acoustic complex amplitude~hence, to the
voltage waveform!. However, in practice a variety of factors
such as transducer impedance matching, acoustic attenu
and nonlinearities, among others, play an important role
must be taken into account. Precompensating for these
fects can be nontrivial.

In the case of adaptive pulse shaping~feedback control!,
the control requirements are probably comparable for eit
pulse shaping technology, provided that target wavefor
are consistent with limits imposed by the pulse shaping te
nology and pulse shaping physics.

VI. PULSE SHAPING USING MOVABLE AND
DEFORMABLE MIRRORS

A. Moving mirrors

Several of the experimental examples discussed in
vious sections involve simple forms of pure phase modu
tion. In particular, phase shifts which were linear, quadra
and cubic with frequency were utilized, resulting, respe
tively, in pulse position modulation, chirp compensation, a
a complex pulse distortion. These simple types of pure sp
tral phase modulation can also be produced using spe
purpose reflective optics, which are moved or deformed
order to assume the specific shape needed to obtain the
sired phase modulation. An advantage of such special
pose movable/deformable mirrors is the ability to provide
prespecified type of phase modulation with very good pre
sion; a disadvantage is that the arbitrary programmab
available using SLMs is sacrificed.

We consider first the use of a movable mirror, whi
makes possible a rapid scanning optical delay line. The p
shaping arrangement, shown in Fig. 26, consists of a gra
placed in the focal plane of a lens and a planar mirror in
opposite focal plane.116 The mirror can be dithered about th
pivot point under the influence of a piezoactuator and ret
springs~not shown!. When the tilt angle of the mirror is zero
the setup is simply a folded equivalent of a pulse sha

FIG. 26. Rapid scanning optical delay line based on dithering a mirror at
focal plane of a folded pulse shaper.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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without any spatial filters. When the mirror is tilted, a line
spectral phase shift is obtained, and this results in advanc
retardation of the output optical pulse. The result is simila
the pulse position modulation achieved when a LC SLM
AOM is used to impart a linear phase shift onto the sp
trum.

Heritageet al. have implemented a rapid scanning op
cal delay line by rapidly dithering the mirror through a sm
angular deflection and have used this setup to obtain fem
second intensity correlation measurements at a 400
rate.116 This rate is much fast than possible using typic
mechanical delay lines, in which the scan rate~and therefore
the data acquisition rate! is limited to a few tens of hertz. Fo
the setup described in Ref. 116, a61 ps temporal delay is
achieved with an angular deflection of only61.9
31024 rad; this corresponds to a total travel of only 4mm at
the edge of the mirror. In contrast, a standard linear actu
requires a displacement of 150mm to achieve a same 1 p
delay. This technique was later extended to provide 10
scans at a 2 kHz rate.117

Heritageet al. have also demonstrated a modification
this geometry which allows scanning of 90 fs pulses ove
100 ps time window.67 The ratio of the time window to the
pulse width gives a pulse shaping complexity~h! exceeding
1000, which may be the largest pulse shaping complexity
demonstrated in Fourier transform pulse shaping. The t
poral waveforms produced in these time scanning exp
ments are of course quite simple; they are simply shif
versions of the original pulse. By ‘‘complexity,’’ however,
have in mind the definition given in Eq.~2.14!, namely the
total time window divided by the shortest temporal featu
or equivalently the spectral bandwidth divided by the n
rowest spectral feature. By this measure the complexit
high, since the output pulse can arrive at more than 1
nonoverlapping temporal delays, and since in the freque
domain the linear phase sweep spans on the order of 10p.
The trick in Heritage’s experiments is to retroreflect the o
put beam in Fig. 26 back through the reflective pulse sha
This doubles the time delay while eliminating the spat
walkoff of the output beam. Recall that the spatial walkoff
proportional to time delay as per Eq.~2.14!. With only a
single pass through the pulse shaper, the time window
usually assumed to be limited to approximately that va
where the spatial walkoff equals the input spot size~see Sec.
II C!. With double passing, this restriction is eliminated; t
time window is then determined by the spatial aperture of
grating and lens, even for a relatively small input beam
similarly large time window could also be obtained in
single pass geometry by expanding the input beam to fill
grating; however, this is usually less convenient. Note t
this double-pass concept will work for pulse position mod
lation using any modulator technology~mirrors, LCMs,
AOMs!; however, it does not work for most other puls
shaping tasks.

Another useful feature is the ability to independen
control the scan rates for delay and phase.117 In contrast,
when delay is varied simply by translating a mirror to chan
the physical path length, the phase varies by 2p for every
optical cycle of delay. In the apparatus of Fig. 26, howev
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the phase remains fixed as the delay is scanned, provided
the mirror rotates about a pivot point at the center~or refer-
ence! optical wavelength. By translating the scanning mirr
so the center wavelength is offset from the pivot point, o
can select a nonzero phase scanning rate. This attribute
gether with the rapid scanning delay capability, have ma
the moving mirror pulse shaping approach the method
choice for delay scanning in optical coherence tomogra
~OCT! for optical biopsies.118 The rapid scanning is require
because OCT forms an image by performing sequential ra
delay scans for a large number of independent pixels; th
fore, real-time imaging requires the individual delay sca
occur very quickly. The ability to independently contr
phase and delay scan rates allows one to select the inter
metric output frequency produced by the OCT apparatus
be compatible with high performance detection and data
quisition electronics.

We briefly compare this delay scanning approach, us
a moving mirror~MM ! in the pulse shaper, to the case of
LC or AOM in the pulse shaper. One key difference is th
the moving mirror approach is a repetitive scan techniq
while the LC or AOM approaches have random access ca
bility. The throughput of the MM approach is very hig
~similar to LC, higher than AOM!. The speed of the MM
approach is faster than for LC, and probably comparable
AOM ~for the AOM approach the delay can be reset in m
croseconds; however many delay settings are needed to
up a full scan!. The demonstrated temporal window is mu
higher using a MM compared to the other approaches.
the other hand, the MM approach provides only a sin
functionality, while LC and AOM approaches allow gener
purpose waveform control.

B. Deformable mirrors „DM…

In the first report of a DM in pulse shaping, the mirro
was used to impart a cubic spectral phase modulation.119 The
setup is similar to that in Fig. 26, except that the MM
replaced by a DM. A cubic deflection is obtained by fixin
the position of a thin planar mirror at two symmetrical
placed support points and then applying equal and oppo
forces on the two ends of the mirror. The desired cubic
flection is the solution of the mechanical equations gove
ing small angle flexure of a thin elastic plate. The cub
deflection in space results in a cubic spectral phase mod
tion with a magnitude which can be adjusted by varying
strength of the applied forces. This third-order disperser
been applied to improve the quality of pulses from a hig
power femtosecond semiconductor laser via third-order ch
compensation.120

Recently pulse shaping has been demonstrated usi
DM phase modulator which is controlled using electrosta
rather than mechanical forces.38 The device consists of a
gold coated, silicon nitride membrane suspended over an
ray of electrostatic actuators. The current device has a
mm wide active area controlled by 13 columns of 2 mm wi
actuators. The maximum deflection and the response time
reported to be 4mm ~corresponds to 20p at 800 nm wave-
length! and 1 ms, respectively. Due to the relatively sm
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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number of actuators, and the existence of a minimum rad
of curvature which can be induced on the membrane,
device is mainly useful for providing smoothly varyin
phase variations. Experiments have been performed wi
modelocked Ti:sapphire laser, where the DM pulse sha
recompressed a 15 fs pulse, which had previously b
stretched to 90 fs by dispersion in glass, back to appro
mately the bandwidth limit,38 and with an amplified Ti:sap
phire system, where the output pulse width was improv
from 20 to 15 fs.121 The experiments also showed that long
duration stretched pulses~220 fs! were incompletely com-
pressed due to the maximum deflection limits of the mirro38

Two strategies were used to control the DM. In the first
DM phase response was calibrated using FROG meas
ments of pulses emerging from the pulse shaper, and
desired phase functions were applied by using the previo
determined calibrations. In the second the DM is used
adaptive pulse shaping mode~see Sec. II D!, where a sto-
chastic learning algorithm is used to adjust the actuator
tings in order to optimize an experimental observable~e.g.,
second harmonic generation intensity!. In the latter case pre
cise knowledge of the DM phase response is not required
DM pulse shaper has also be used for preliminary dem
stration of a method122 for compensating self-phase modul
tion in femtosecond CPAs.123

VII. FURTHER DIRECTIONS IN PULSE SHAPING

A. Integrated pulse shaping devices

Integration of pulse shaping devices would be desira
for applications such as optical communications where s
and robustness are important. Considerable effort has b
directed toward developing integrated components to ha
multiple optical wavelengths for wavelength division mul
plexed~WDM! optical communications networks. With sui
able modification such WDM components could also be u
in conjunction with femtosecond input pulses as integra
pulse shaping devices. A very simple example of pulse sh
ing using a device known as an integrated acousto-optic
able filter was reported in Ref. 124. More advanced
amples of pulse shaping were reported recently us
modified arrayed waveguide grating routers.125–127There is
also substantial effort in the WDM communications comm
nity to implement multichannel equalizers to correct for t
wavelength dependent gain of erbium doped fiber amplifi
Highly sophisticated arrayed waveguide grating devices h
recently been demonstrated for that purpose.128 Although
these devices have not been tested with femtosecond pu
the devices are beginning to closely resemble what would
needed for integrated pulse shaping applications.

As an alternative to integrated pulse shapers, some e
has also been directed at improving the packaging and re
ing the size of bulk optics pulse shapers. For example,
Refs. 129 and 130. Several interesting examples of p
shaping, such as generation of short pulse bursts or co
waveforms, have also been demonstrated using distrib
devices such as fiber Bragg grating reflectors131,132and ape-
riodically poled second harmonic generation crystals133
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However, at least till now, these distributed pulse shap
devices have not been easily reprogrammable.

B. ‘‘Pulse shaping’’ with incoherent light

Pulse shapers can also be used for phase filtering
broadband incoherent light. Initial experiments were p
formed using visible light with a few nanomete
bandwidth;134,135 subsequent experiments were perform
using a programmable pulse shaper and amplified spont
ous emission from an erbium-doped fiber amplifier with se
eral tens of nanometers bandwidth around the 1.55mm com-
munications band.136 Although the result of phase filtering o
incoherent light is still incoherent light, nevertheless, t
phase filtering operation does affect the electric field cro
correlation function between the light before and after
pulse shaper. This can be measured by recording the in
ference fringes from a Michelson interferometer with a p
grammable pulse shaper in one arm. With this approac
has been shown that the pulse shaper can manipulate
correlation function much in the same way that a pu
shaper can manipulate the output intensity profile for coh
ent input pulses. An example of a shaped electric field cro
correlation function using a pulse shaper and broadband
coherent light at 1.55mm, together with the correspondin
theoretical trace, is shown in Fig. 27.100 Motivations for per-
forming this work include the possibility of using coheren
coding of inexpensive incoherent light sources~instead of
expensive femtosecond pulse sources! for certain classes o
optical CDMA systems134 and for addressing of frequency
domain optical memories.109,135,137

C. Pulse shaping using two-dimensional masks

Most applications of pulse shaping make use of a o
dimensional spatial mask to produce a single output be
corresponding to the desired temporal waveform. Howev
by using cylindrical lenses instead of spherical lenses in

FIG. 27. Electric field cross-correlation function obtained using a pu
shaper and broadband incoherent light at 1.55mm. ~a! Experimental and~b!
theoretical correlation traces of unshaped light.~c! Experimental and~d!
theoretical correlation traces of shaped light using a length 31 quad
residue spectral phase code.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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pulse shaper and by placing a two-dimensional mask at
Fourier plane, one can achieve multidimensional pulse sh
ing, where the output consists of a linear array of spa
beams, with each corresponding to a different independ
temporal waveform. Such multidimensional pulse shap
has been demonstrated in experiments using holograph138

as well as conventional139 fixed two-dimensional masks, a
well as in preliminary experiments using programmable tw
dimensional liquid crystal arrays.140 Using a different ap-
proach based on volume holography, formation of tw
dimensional images, where each spot in the ima
corresponds to a different temporal waveform, has also b
demonstrated.141,142

D. Direct space-to-time pulse shaping

The concept of a direct space-to-time~DST! pulse
shaper geometry, in which the output waveform is a direc
scaled version of the pulse shaping mask, has also been
onstrated. This is in contrast to the Fourier transform re
tionship between the mask and the temporal waveform in
conventional pulse shaping approach we have discusse
most of this article. Operation of a DST pulse shaper w
first demonstrated for simple waveforms on a picosec
time scale by Emplitet al.143,144 In our group we have re
cently demonstrated femtosecond operation of a DST p
shaper and generation of complex optical data packets.145 A
detailed description of this pulse shaping geometry is gi
in Ref. 145. The main motivation for pursuing the DS
shaper is for applications in high-speed information techn
ogy, such as parallel electronic to serial optical convers
and generation of ultrafast optical data packets. For th
applications nanosecond to subnanosecond reprogra
times are desired. This should be possible by replacing
fixed pulse shaping mask in Ref. 145 with an optoelectro
modulator array, such as a hybrid GaAs–Si complemen
metal–oxide–semiconductor smart pixel array146 or an array
of asymmetric Fabry–Perot modulators.147 Compared to the
Fourier transform pulse shaper, the DST has two key adv
tages important for these particular applications, as follo

~a! It avoids the need to perform a Fourier transform
determine the masking function for each new packet, wh
would be very difficult at high update rates, and

~b! Data packet generation using Fourier transform sh
ing typically requires that both spectral amplitude and ph
be precisely controlled. Pulse sequence generation wi
DST shaper requires only intensity modulation, which
compatible with existing optoelectronic modulator arr
technologies.

E. Holographic and nonlinear Fourier pulse
processing and space-time conversions

Pulse shaping can be extended to accomplish more
phisticated pulse processing operations by including ho
graphic or nonlinear materials in place of a mask or SL
within a Fourier transform pulse shaping apparatus. This
sults in holographic and nonlinear Fourier processing te
niques which can be used for pure time-domain proces
as well as time-space conversions.
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We first discuss pure time-domain processing using
extension of pulse shaping called spectral holography
which the pulse-shaping mask is replaced by a holograp
material. Spectral holography was first propos
theoretically148 in the Russian literature, and subsequent
periments demonstrating the principles of time-domain p
cessing via spectral holography were performed by Wei
et al.149,150In analogy with off-axis spatial holography, tw
beams are incident: an unshaped femtosecond refer
pulse with a uniform spectrum, and a temporally shaped
nal waveform with information patterned onto the spectru
The spectral components making up the reference and si
pulses are spatially dispersed and interfere at the Fou
plane. The resulting fringe pattern is stored by using a ho
graphic medium which records a spectral hologram of
incident pulses. Readout using a short unshaped test p
which passes through the pulse shaping apparatus resu
reconstruction of real and time-reversed replicas of the or
nal signal waveform, in analogy with the real and virtu
images which are reconstructed in space-domain hologra
Readout using a shaped test pulse results in output w
forms which are correlations or convolutions of the test a
signal pulses. These operations, especially correlation,
be useful for matched filtering and compensation of disp
sion or timing drifts. Time-domain processing using spect
holography has been demonstrated using both thermopl
plates149–151~essentially a permanent recording medium! and
dynamic photorefractive quantum wells~PRQWs!152 as the
holographic material.

Holographic space-to-time conversion can be achie
by placing a holographic mask at the Fourier plane of a pu
shaper. This can be achieved using either a fixed compu
generated hologram138 or a dynamic optically addresse
hologram.97,153,154In the case of an optically addressed h
logram, the pulse shaping mask is a hologram correspon
to spatial images carried by the two input beams, which m
be cw. We have recently performed space-to-time convers
experiments using PRQWs as the dynamic holograp
material.97 The temporal profile resulting when a spectra
dispersed femtosecond pulse is diffracted from the holog
can be either a direct or Fourier-transformed version of
input spatial image, depending whether a direct or Fou
transform hologram of the image is recorded. In the case
nonlinear recording conditions, additional pulse process
functions can be realized; for example, in the case of sa
rated holographic recording, the temporal output wavefo
can correspond to an edge-enhanced version of the input
tial image.97,155Recently, space-to-time conversion was a
demonstrated by performing four-wave mixing~rather than
holographic recording! at the Fourier plane of the puls
shaper, using a cascaded second order nonlinear proces
second harmonic generation crystal for the four-wave mix
interaction.156

Holographic and nonlinear Fourier pulse processing
also be used for time-to-space conversion of femtosec
pulses. One method for time-to-space mapping is based
recording of a spectral hologram using time-domain sig
and reference pulses, as earlier, and then reading out us
monochromatic, cw laser. By passing the diffracted cw o
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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put beam through a Fourier transform lens, the original te
poral information is converted into spatial information. D
namic PRQWs,157 bulk holographic crystals,154 and the
excitonic resonance in ZnSe crystals158 have all been em-
ployed for time-to-space conversion experiments. Howe
none of these materials are suitable for use in communica
applications which typically require Gb/s frame rates. A
lated time-to-space conversion scheme relies on second
monic generation~SHG! using a nonlinear optical crysta
within a pulse shaper.159,160 This scheme provides the fa
response associated with the SHG nonlinearity, the poss
ity of operation at convenient wavelengths and temperatu
and the potential for high efficiency~nearly 60% harmonic
conversion has been demonstrated using a modelocked o
lator source and a careful choice of nonlinear crystal!.25,161

VIII. APPLICATIONS OF PULSE SHAPING

We conclude this review article by discussing some
the applications of femtosecond pulse shaping. Both exp
ments using fixed pulse shapers and programmable p
shapers are included. Although this survey of application
not intended to be exhaustive, nevertheless it should il
trate the breadth of areas in which pulse shaping techno
is making an impact.

A. Fiber optics and photonics

1. Nonlinear optics in fibers

In ultrafast nonlinear guided wave optics, pulse shap
has been used to obtain femtosecond square pulses fo
optical switching experiments with a fiber nonlinear coupl
where square pulses gave improved switching characteri
compared to normal~unshaped! pulses by avoiding averag
ing over the pulse intensity profile.45 Specially shaped and
phase modulated femtosecond ‘‘dark pulses’’ were also u
for the first clear demonstration of fundamental dark soli
propagation in optical fibers78 and for subsequent dark sol
ton experiments performed on a picosecond time scale.162 A
brief report of an experiment where pulse shaping was u
to generate phase modulated input pulses for experim
demonstrating periodic evolution and refocusing of ph
modulated higher order bright solitons has also be
published.163

2. Optical communication systems

Pulse shaping has been used extensively for studie
ultrashort pulse CDMA communications based on spec
phase encoding~see Fig. 6! and decoding, where differen
users share a common fiber-optic medium based on the
of different spectral codes. The CDMA receiver recogniz
the desired data in the presence of multi-access interfer
on the basis of the strong intensity contrast between corre
and incorrectly decoded ultrashort pulses~see Fig. 28!.41

Femtosecond encoding and decoding were first demonstr
using fixed phase masks in the late 1980s,29 and a theoretica
analysis of femtosecond CDMA was reported shor
thereafter.46 Taking advantage of advances in fiber op
technology in the early 1990s, at Purdue we have now c
structed a femtosecond CDMA testbed, including encod
Downloaded 22 Mar 2004 to 128.46.200.139. Redistribution subject to A
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and decoding, dispersion compensated transmission of
coded pulses over kilometer lengths of fiber, and nonlin
optical thresholding to distinguish between correctly and
correctly decoded pulses. Detailed discussion of our fem
second CDMA experimental results is given in Ref. 41. E
periments on ultrashort pulse CDMA have recently be
reported by industrial laboratories as well.127,132Pulse shap-
ing also plays an important role in other optical CDM
schemes based on either spectral amplitude164–166or spectral
phase134 encoding of broadband incoherent light. Similar
spectral encoding of broadband incoherent light can be u
for addressing of frequency domain optical memories ba
on spectral hole burning materials or volum
holograms.109,135,137Finally, pulse shaping techniques hav
been extended for applications involving filtering of multip
wavelength optical signals in WDM communications. E
amples include construction of WDM cross-connect switch
with flat-topped frequency response167 and multichannel
WDM gain equalizers.130

3. Novel short pulse sources

Generation of multiple streams of modelocked puls
synchronized at multiple different wavelengths has be
demonstrated by introducing a pulse shaper into an exte
cavity modelocked semiconductor diode laser.168 The experi-
mental setup is sketched in Fig. 29. The grating, lens, mir
and spatial filter combination constitute a folded pu
shaper, in which the patterned spatial filter selects wh
spectral components are reflected back into the gain dev
Thus, the oscillating wavelengths are controlled via the
lected passbands of the pulse shaper which acts as an
cavity spectral filter, while synchronization occurs via no

FIG. 28. Cross-correlation data obtained using ultrashort pulses at 1.55mm
and a pair of fiber-pigtailed pulse shapers.~a! Pulse which is not coded.~b!
Pulse which is coded and then correctly decoded.~c! Pulse which is coded
but then incorrectly decoded. Note the strong intensity contrast betw
correctly and incorrectly decoded pulses.
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linear interactions between different wavelengths within
diode amplifier chip. Representative wavelength tun
curves are shown in Fig. 30 for spectral filters designed
select four wavelengths. Figure 30~a! shows a four wave-
length spectrum with a fixed;1 nm spectral separation
where the center wavelength is tuned over;18 nm in a
region centered around 830 nm. Figure 30~b! shows another
example where the center wavelength is held constant, w
the channel spacing is tuned from 0.8 to 2.1 nm. Tim
domain measurements show that the pulses on each
vidual wavelength channel are 12 ps in duration with a
GHz repetition frequency. Frequency-resolved optical gat
measurements of these multiwavelength pulse trains h
also been reported, which have been interpreted as evid
of optical phase correlations between the different oscillat
wavelengths.89 Such sources may be important in novel h
brid WDM-time-division multiplexed~TDM! communica-
tions and photonic processing schemes, and possibly ca
extended to generate spectrally tailored ultrafast pulse
quences directly from modelocked lasers. In contrast to p
shaping and spectral tailoring outside a laser, in this intr
avity pulse shaping work all the available energy is p
served but caused to appear at the selected wavelength

FIG. 29. Schematic layout of a multiwavelength modelocked diode la
with an intracavity pulse shaper. At 1997 IEEE.

FIG. 30. Wavelength tuning curves for modelocked diode laser with in
cavity pulse shaper.~a! Tuning over 18 nm with wavelength separation he
constant.~b! Control of the wavelength channel spacing. At 1997 IEEE.
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4. Dispersion compensation

Dispersion compensation for fiber communications w
discussed in Sec. III A. Briefly, a programmable pulse sha
was used as a spectral phase equalizer in conjunction
dispersion compensated fiber links, resulting in distortio
free transmission of 400 fs pulses over 10 km of fiber.40,103

This approach may be important for ultrashort pulse CDM
and several hundred Gb/s TDM communications, both
which are sensitive to higher order phase dispersion.

5. Space-time conversions

Space-time conversions, outlined briefly in Secs. VII
and VII E, may be important for generation, demultiplexin
and processing of very high rate optical data sequen
Space-time conversion and its applications are discussed
ther in Refs. 25, 145, and 169.

B. Biomedical applications

We have already mentioned~Sec. VI A! that a pulse
shaping approach, based on a moving mirror at the Fou
plane, has become the method of choice for rapid time de
scanning in OCT biomedical imaging.117,118Pulse shaping is
also being investigated for applications in multiphoton co
focal microscopy.170 Here the goal is to tailor the pulse shap
to maximize the efficiency of the nonlinear process, which
important in order to generate a bright image while minim
ing the exposure of sensitive biological samples to laser
diation.

C. Phase control in femtosecond amplifiers

Precise and complete chirp compensation is one of
key issues in optimizing pulse quality in femtosecond CP
systems.22,43 Spectral phase control is important both in o
taining the minimum pulse width and in suppressing win
and sidelobes in the compressed pulse, since pulses with
tremely high on-off contrast are needed for most high int
sity applications. Pulse shaping is increasingly being con
ered for such phase control. In one early example, third
fourth order spectral phase were both compensated by ad
ing a custom air-spaced doublet lens placed with a pu
shaper,171 resulting in dramatically decreased tempo
wings. More recently, a number of groups are using p
grammable pulse shapers for such spectral phase comp
tion in femtosecond amplifiers.69,71,114,121Results have been
published for several different programmable pulse shap
technologies, and experiments on amplified pulses as sho
;15 fs have been reported.121

It should be noted that phase compensation of CPA s
tems is possible down to at least the sub-30- fs regime w
out the use of programmable techniques such as p
shaping,22 although this requires considerable care. Pu
shaping is being applied for two reasons. The first is
achieve phase compensation, and hence, shorter, higher
ity pulses, at durations beyond the experimental state of
art. The second is simply to be able to use a CPA sys
which has been constructed without completely optimiz
the spectral phase, and still be able to make it perform at n

r

-
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the bandwidth limit. In the latter case, the advantage is th
gives the experimentalist more options for accomplishing
phase correction.

Data from an experiment where a pulse shaper wit
phase-only LCM is placed after a CPA are plotted in Figs.
and 32.71 The pulses are centered at 800 nm with a ba
width of ;8 nm, and the pulse energy after the pulse sha
is 200 mJ at a 1 kHz repetition rate. The duration of th
amplified pulses without correction by the pulse shaper w
195 fs, roughly a factor of 2 above the bandwidth limit. B
using the pulse shaper for phase correction, which was
justed via adaptive feedback under control of an evolution
algorithm, the pulses were compressed to 103 fs, close to
bandwidth limit. FROG traces of the pulses based on S

FIG. 31. ~a! FROG trace of original, phase distorted amplified pulses.~b!
FROG trace of optimized pulse after phase correction by programm
pulse shaper.

FIG. 32. Retrieved time-domain intensity~upper plot! and phase~lower
plot! profiles of amplified pulses for original~open circles! and phase-
corrected~full circles! amplified pulses.
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gating87 with and without phase correction are shown
Figs. 31~a! and 31~b!, respectively. For interpreting thes
traces, the main point is that a bandwidth-limited pulse
expected to have a simple elliptical SHG–FROG trace, w
major and minor axes pointing along the wavelength a
time axes. A simple linear chirp leads to an increase in
area of this ellipse, without changing its orientation. Mo
complex structure is indicative of higher-order phase va
tions. Thus, the irregular uncorrected FROG trace in F
31~a! shows signs of a complex spectral phase, which
pears to be almost completely eliminated in the pha
corrected plot. This is also evident in the time domain inte
sity and phase profiles~Fig. 32! retrieved from the FROG
data. The intensity profile is significantly smoother a
shorter after phase correction, and the temporal phase pr
after the correction is almost flat in the region where there
significant intensity.

D. Bandpass filtering

A very simple application uses a pulse shaper with
adjustable slit at the Fourier plane to implement a varia
bandpass optical filter. This technique has been used by
eral groups to generate tunable, bandwidth limited pul
from a femtosecond white-light continuum, which have be
applied, for example, for time-resolved spectroscopy
semiconductors172,173 and nanocrystals174 and high intensity
studies of atomic gases.175 In some experiments a pair o
pulse shapers is used to carve synchronized pulses fro
white-light continuum at different independently tunab
wavelengths.173 Such bandpass filtering can also be used
conjunction with coherent modelocked lasers, leading
pulsewidth control in the time domain, which was used
example to measure the pulsewidth dependence of two p
ton absorption in nonlinear waveguide photodetectors176 and
for studies of polariton scattering in semiconduct
microcavities.177

E. Control of quantum dynamics and nonlinear optics

Pulse shaping plays a major role in the field of coher
or quantum control, in which the experimentalist seeks
manipulate quantum mechanical wave packets via the ph
and intensity profiles of the exciting laser radiation. Sin
many of the quantum mechanical motions of interest oc
on an ultrafast time scale, femtosecond pulse shaping is o
needed to create the required laser profiles. For a review
the quantum control field, see Ref. 75.

In one of the earliest femtosecond coherent control
periments, terahertz rate trains of femtosecond pulses w
used to achieve selective amplification of optical phono
via multiple pulse impulsive stimulated Raman scatter
~ISRS!.50,51,178 The input pulse trains were generated
phase-only filtering in a pulse shaper.47 These ISRS experi-
ments were sensitive only to the optical intensity profi
~hence, the pulse timing! but not to optical phase. Relate
experiments were later extended for phase-sensitive man
lation of coherent charge oscillations in semiconductor m
tiple quantum wells.52,53

le
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Another simple example involves multidimension
spectroscopic studies using two and three pulse seque
with specified phase relationships and interpulse delay
excite specified coherent states in an atomic vapor.105 This
leads to control of the fluorescent yield as a function of
delays and phases, which were varied using a dual L
array in the pulse shaper. The variations in the fluoresce
yield may be understood as arising from different degree
overlap of the optical power spectrum, which is relative
highly structured and which depends on the pulse timi
and phases, with the atomic absorption spectrum. A rev
of the application of such pulse sequences to multidim
sional spectroscopy and optical control is given in Ref. 1
Note that similar experiments using two-pulse sequences
be performed conveniently by using a stabilized interfero
eter to generate the phase-locked pulse pairs.179,180 Phase-
locked three pulse sequences are more complex to gen
via interferometers; at this level of complexity, pulse shap
is the best choice.

More generally, one often desires more complicated
trafast waveforms to generate wave packets and wave f
tions that could not be obtained otherwise. In the weak fi
case, Wilson’s group for example calculated ‘‘globally op
mum weak light fields’’ giving the best possible overlap wi
specified molecular dynamics outcomes.181–183Cases studied
include a ‘‘molecular cannon,’’ in which an outgoing con
tinuum wave packet inI 2 is focused in both space and m
mentum, and a ‘‘reflectron,’’ resulting in focusing of an in
coming bound wave packet inI 2 , among others. In the
strong field regime, theory suggests a number of excit
possibilities for coherent control through shaped pulses
pulse sequences, including breaking strong bonds and
nipulating reaction pathways and curve crossings,184–188 to
name just a few.

Experiments are beginning to yield interesting resu
Pulse shaping has been used in a series of experimen
Rydberg atoms, for example, where custom Rydberg w
packets have been produced as well as measured.74 Control
of fluorescent yields in dye molecules73 and optimization of
branching ratios of different photodisassociation react
channels of organometallic molecules has also b
reported.72 Many of these experiments were performed in
adaptive pulse shaping configuration~see Sec. II D!. Other
works were performed using open-loop pulse shaping. Th
include a series of studies on coherent control of spin
population dynamics in quantum wells189 and experiments
on coherent control of resonant two photon absorption
atomic argon as a function of the optical pha
modulation.190

Pulse shaping can also be used for control of nonlin
optical processes which are not inherently quantum mech
cal. For example, in SHG, spectral amplitude masking
chirped pulses was used to achieve both good efficiency
a narrow second harmonic bandwidth simultaneously,
spite the broad bandwidth of the excitation pulses.191,192This
focusing of spectral energy was related to focusing in f
space by a Fresnal zone plate. Similar experiments were
performed for two photon absorption191,192 In a second ex-
ample related to terahertz~THz! radiation, shaped optica
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pulse sequences were used to excite photoconductive a
nas, resulting in the ability to manipulate the emitted TH
radiation waveform.193 This technique has also resulted
enhancements of the emitted peak THz power spectral d
sity due to avoidance of saturation mechanisms through m
tiple pulse excitation.54,194

F. Laser-electron beam interactions

Several schemes have been proposed in which p
shaping would favorably enhance laser-electron interactio
One application involves laser generation of large amplitu
relativistic plasma waves~with application to ultrahigh-
gradient electron accelerators!. It has been shown theoret
cally that by using an appropriate femtosecond pulse
quence, one could in principle drive plasma oscillations
larger amplitudes than possible with a single pulse of
same total energy.195,196 By using a pulse sequence, on
could compensate for the change is plasma frequency ari
when the plasma enters the large amplitude, nonlinear
gime, in addition to avoiding various laser-plasma instab
ties through the use of lower peak intensities. The use
pulse shaping to seed other desirable plasma instabilities
also been proposed.197 Further possibilities, such as usin
pulse shaping~a! to generate energetically and tempora
modulated electron beams to enhance the generation of s
wavelength radiation in free electron lasers198 or ~b! to
modify the spectra produced under the influence of nonlin
Doppler shifts in relativistic Compton backscattering,199

have also been discussed.
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