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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. @000 American Institute of PhysidsS0034-67480)02005-0

I. INTRODUCTION topic complementary to femtosecond pulse generation. Over
the past decade powerful optical waveform synthesis
Since the advent of the laser nearly 40 years ago, thergylse shapingmethods have been developed which allow
has been a sustained interest in the quest to generate @eneration of complicated ultrafast optical waveforms ac-
trashort laser pulses in the picosecond (&) and femto-  cording to user specification. Pulse shaping systems have
second (10*°s) range. Reliable generation of pulses belowajready demonstrated a strong impact as an experimental tool
100 fS in duration OCCUI’red fOI’ the fiI‘St t|me in 1981 Wlth the providing unprecedented Control over u|trafast |aser wave-
mvenltlon of the colliding pulse modelocké@PM) ring dye  forms for ultrafast spectroscopy, nonlinear fiber optics, and
laser. Subsequent nonlinear pulse compression of pulsegjgh-field physics. Coupled with the recent advances and re-
from the CPM laser led to a series of even shorter puists, syiting widespread availability of femtosecond lasers, as well
culminating in pulses as short as 6 fs, a record which stoogs advances in femtosecond pulse characterization tech-
for over a decade. Six femtoseconds in the visible correpiques, femtosecond pulse shaping is poised to impact many
sponds to only three optical cycles, and therefore such pulsgyerse and additional applications. In the terminology of
durations are approaching the fundamental single opticai|ectronic instrumentation, femtosecond lasers constitute the
cycle limit. .Further rapid progress occurred _foIIowing thg world’s best pulse generators, while pulse shaping is the
demonstration of femtosecond pulse generation from solidsjort pulse optical analog to electronic function generators,
state laser media in the 1990 time fram&emtosecond which widely provide electronic square waves, triangle
solid-state lasers bring a number of important advantage\ﬁ,aves, and indeed arbitrary user specified waveforms.
compared to their liquid dye laser counterparts, including A number of approaches for ultrafast pulse shaping have
substantially improved output power and stability and neWheen advanced. Here we concentrate on the most successful
physical mechanisms for pulse generation advantageous faf, widely adopted method, in which waveform synthesis is
production of extremely short pulses. Femtosecond solidycpieyed by spatial masking of the spatially dispersed optical
state laser technology has now advanced.to the point th quency spectrum. A key point is that because waveform
puls%s_mbelow 6 fs can be generated directly from the nihesis is achieved by parallel modulation in the frequency
laser.”*"Equally important, the use of solid-state gain mediag,main waveforms with effective serial modulation band-
has also led to simple, turn-key femtosecond lasers, angigihs as high as terahertz and above can be generated with-
many researchers are now setting their sights on practic)y; requiring any ultrafast modulators. We will be particu-
and low cost ultrafast laser systems suitable for real-worlqany interested in pulse shaping using spatial light

applications(in addition to the scientific applications for modulators(SLMs), where the SLM allows reprogrammable

which femtosecond lasers have been used extensivBt  \yayeform generation under computer control. A review ar-
tailed information on the current status of femtosecond techﬁde by Froehly describes a variety of pulse shaping tech-

nology and applications can be found in several recent jourhiques investigated prior to 1983 for picosecond pufées.

H H —17 18-21 H
nal spemqll |s§ue§, _ boc;l;zs, and in another recent e recent review by Weiner provides a broad account of
review article in this journat: femtosecond pulse shaping as well as related pulse process-

The focus of this article is femtosecond pulse shaping, 8ng techniques, including both the pulse shaping technique
which is the focus of the current article as well as other

¥Electronic mail: amw@ecn.purdue.edu approache%? Other useful reviews include Ref. 24, which
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describes early results on femtosecond pulse shaping using (2 TIME DOMAIN
fixed masks and related experiments on picosecond pulse n

shaping performed in the context of nonlinear pulse com- < T o [ v
pression, and Refs. 25 and 26, which include citations to
recent results on pulse shaping as well as holographic and A NGE
nonlinear pulse processing.
This review article is organized as follows. In Sec. Il we () FREQUENCY DOMAIN
discuss the basics of femtosecond pulse shaping, including a
description of the apparatus, examples of pulse shaping re- /X Vass
sults using fixed spatial masks, important results from the X@———>—— HO Y
theory of pulse shaping, and instrument control, alignment, FREQUENCY

. . RESPONSE
and pulse measurement issues. In Secs. Il and IV we discuss

programmable pulse shaping using liquid crystal SLMs andFlG. 1. Pulse shaping by linear filteringg) Time-domain view.(b) Fre-
acoustic-optic modulators, respectively; these are the tw8Uency domain view.

types of SLMS which are most widely applied for femtosec-

ond pulse shaping. Section V summarizes the relative advanvhere* denotes convolution. If the input is a delta function,
tages and disadvantages of liquid crystal and acousto-optihie output is simplyh(t). Therefore, for a sufficiently short
SLMs for pulse shaping. Section VI covers developments irinput pulse, the problem of generating a specific output pulse
deformable, movable, and micromechanical mirrors for pulseshape is equivalent to the task of fabricating a linear filter
shaping applications. These special mirror based approachesth the desired impulse response. Note that instead of the
for programmable pulse shaping, while important, are not yeterm “impulse response function,” which is common in
as completely developed as the liquid crystal or acoustoelectrical engineerind)(t) may also be called a Green func-
optic approaches, and for this reason are not included faiion, which is a common terminology in some other fields.
comparison in Sec. V. In Sec. VII we discuss further direc-  In the frequency domain, the filter is characterized by its
tions in femtosecond pulse shaping, including shaping of infrequency responsél(w). The output of the linear filter
coherent light, integration, direct space-to-time pulse shapk, () is the product of the input signd;,(w) and the
ing, and generalized pulse shapers for holographic anétequency responsd(w)—i.e.,

nonlinear pulse processing. We conclude in Sec. VIII by sur- _

veying some of the applications of femtosecond pulse shap- Eou(@)=Ein(@)H(w). 22
ing, including optical communications, dispersion compensaHere ej,(t), €q,(t), and h(t) and Ej,(»), Eq(w), and
tion, laser control of terahertz radiation, coherent control ofH(w), respectively, are Fourier transform pairs—i.e.,
guantum mechanical processes, and laser-electron beam in-

teraction physics. H(w)=f dth(t)e 't 2.3

and
Il. FEMTOSECOND PULSE SHAPING BASICS
A. Linear filtering

The femtosecond pulse shaping approach described #r @ delta function input pulse, the input spectrii(w) is
this article is based on the linear, time-invariant filter, a con-equal to unity, and the output spectrum is equal to the fre-
cept well known in electrical engineering. Linear filtering is duéncy response of the filter. Therefore, due to the Fourier
commonly used to process electrical signals ranging frontransform relatlops, genergtlon of a o!eswed'outpu'.t waveform
low frequenciegaudio and belowto very high frequencies ¢an be accomplished by implementing a fllter with the re-
(microwave. Here we apply to linear filtering to generate guired frequency response. Our pulse shaping approach is
specially shaped optical waveforms on the picosecond anfiescribed most naturally by means of this frequency domain
femtosecond time scale. Of course, the hardware needed f8Pint of view.
programmable linear filtering of femtosecond laser pulses
looks very different from the familiar resistors, capacitors,
and inductors used for linear filtering of conventional elec-
trical signals.

Linear filtering can be described in either the time do-  Figure 2 shows the basic pulse shaping apparatus, which
main or the frequency domain, as depicted in Fig’ th the ~ consists of a pair of diffraction gratings and lenses, arranged
time domain, the filter is characterized by an impulse redn a configuration known as a “zero dispersion pulse com-
sponse functior(t). The output of the filtele,,(t) in re-  pressor,” and a pulse shaping ma&8kThe individual fre-
sponse to an input pulsg,(t) is given by the convolution of quency components contained within the incidemsually
en(t) andh(t) but not always bandwidth limitgdiltrashort pulse are angu-

larly dispersed by the first diffraction grating, and then fo-
, , , cused to small diffraction limited spots at the back focal
e"“‘(t):ei“(t)*h(t):f dt’en(t)h(t=t"), 21 plane of the first lens, where the frequency components are

h(t)= %J dw H(w)e'“. (2.4

B. Pulse shaping apparatus and pulse shaping
examples using fixed masks
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FIG. 2. Basic layout for Fourier transform femtosecond pulse shaping. FIG. 3. Intensity cross-correlation traces of optical tone bursts resulting
from a pair of isolated optical frequency components. Solid: optical frequen-

. . . . . cies in phase. Dotted: optical frequencies phase shifted.by
spatially separated along one dimension. Essentially the first

lens performs a Fourier transform which coverts the angular
dispersion from the grating to a spatial separation at the baggair was used in a dispersive configuration without internal
focal plane. Spatially patterned amplitude and phase masKenses since grating dispersion was needed in order to com-
(or a SLM) are placed in this plane in order to manipulate thepress the input pulses which were chirped through nonlinear
spatially dispersed optical Fourier components. After a secpropagation in the fiber. The dispersion-free apparatus in
ond lens and grating recombine all the frequencies into &ig. 2 was subsequently adopted by Weie¢mal. for ma-
single collimated beam, a shaped output pulse is obtaineajpulation of pulses on the 100 fs time scale, initially using
with the output pulse shape given by the Fourier transform ofixed pulse shaping mas¥sand later using programmable
the patterned transferred by the masks onto the spectrum. SLMs 3435 With minor modifications, namely, replacing the
In order for this technique to work as desired, one re-pulse shaping lenses with spherical mirrors, pulse-shaping
quires that in the absence of a pulse shaping mask, the outpoperation has been successfully demonstrated for input
pulse should be identical to the input pulse. Therefore, th@ulses on the 10-20 fs time scadfe® 8 A fiber-pigtailed
grating and lens configuration must be truly free of disperspulse shaper, with fiber-to-fiber insertion loss as low as 5.3
sion. This can be guaranteed if the lenses are set up as a udiB, has also been reported for 1. operation for optical
magnification telescope, with the gratings located at the outcommunications applicatior’S-*! The apparatus of Fig. 2
side focal planes of the telescope. In this case the first len@vithout the maskcan also be used to introduce dispersion
performs a spatial Fourier transform between the plane of théor pulse stretching or compression by changing the grating-
first grating and the masking plane, and the second lens pelens spacing. This idea was introduced and analyzed by
forms a second Fourier transform from the masking plane tdlartineZ? and is now extensively used for high-power fem-
the plane of the second grating. The total effect of these twaosecond chirped pulse amplifigfs®®
consecutive Fourier transforms is that the input pulse is un- Pulse shaping using programmable SLMs will be dis-
changed in traveling through the system if no pulse shapingussed beginning in Sec. Ill. Here we present several ex-
mask is present. amples using fixed spatial masks, the masking technology
Note that this dispersion-free condition also depends ommployed in early femtosecond pulse shaping experiments.
several approximations, e.g., that the lenses are thin and fré@xed masks can provide excellent pulse shaping quality and
of aberrations, that chromatic dispersion in passing throughave been employed in experimental applications of pulse
the lenses or other elements which may be inserted into thehaping in nonlinear fiber optics, fiber communications, and
pulse shaper is small, and that the gratings have a flat speairafast spectroscopy. Disadvantages of fixed masks are that
tral response. Distortion-free propagation through the “zerahey do not easily provide continuous phase variatidrs
dispersion compressor” has been observed in many experirary phase variations are finend that a new mask must be
ments with pulses down to roughly 50 fs—see for exampldabricated for each experiment.
Refs. 28 and 29. For much shorter pulses, especially in the Figure 32 shows intensity cross-correlation traces of
10-20 fs range, more care must be taken to satisfy thessaveforms generated by using an opaque mask with two
approximations. For example, both the chromatic aberratiofisolated slits, resulting in a pair of distinct and isolated spec-
of the lenses in the pulse shaper and the dispersion expetial peaks. Note that the intensity cross-correlation traces ap-
enced in passing through the lenses can become importaptoximately provide a measurement of optical intensity ver-
effects. However, by using spherical mirrors instead ofsus time—see Sec. Il G for further explanation. The two
lenses, these problems can be avoided and dispersion-fréequencies interfere in the time domain, producing a high-
operation has been obtain&. frequency optical tone burst. The 2.6 THz period of the in-
The first use of the pulse shaping apparatus shown itensity modulation is identical to the separation of the se-
Fig. 2 was reported by Froehly, who performed pulse shaplected frequency components and corresponds to a period of
ing experiments with input pulses 30 ps in duratidrRe-  only 380 fs. We have also performed experiments using an
lated experiments demonstrating shaping of pulses a few padditional phase mask to imposergphase shift between the
coseconds in duration by spatial masking within a fiber andwo spectral components. The resulting waveform is shown
grating pulse compressor were performed independently by Fig. 3 as the dotted line. The two distinct frequencies still
Heritage and Weinet*~3%in those experiments the grating interfere to produce a tone burst. However, thphase shift
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is expected to lead to an interchange in the positions of the  10° -
peaks and nulls of the time domain, and this effect is clearly
seen in the data. It is worth noting that this effect, namely the
shift in the time-domain interference features reflecting spec-
tral phase variations, demonstrated here in the context of

-
<

-
pulse shaping, has also been developed into a powerful pulse & 10
characterization tool for measuring the spectral phase pro- ,"z_J
files of unknown ultrashort pulsé8.It is also worth noting £
that the data in Fig. 3 represent a time-domain analog of the 10°

well known Young's double slit interference experiment.
This is one manifestation of the close analogy which exists
between time-domain Fourier optics discussed here and the  10* Lut - ' — i
L . ; ) . 615 620 625 630 635
well known and active field of s_pat|al domain Fourier optics. WAVELENGTH (nm)
We also consider generation of ultrafast square pulses _ _
using fixed mask& The spectrum of a square pulse of du- FIG. 4. Semilog plot of power spectrum of an optical square pulse.

ration T is shaped as a sinc function, given by

present on the square pulse arises because of the truncation

sin(7fT) of the spectrum and is in good qualitative agreement with the
E(f)=EoT — 57— (2.9 theoretical intensity profiléFig. 5b)]. Square pulses with

reduced ripple have also been obtained, by avoiding trunca-

The corresponding mask is specified by tion of the spectrum and instead using a more gentle spectral

) apodization. An experimental example of such a “smooth”
_ sin(mx/Xo) square pulse is plotted in Fig(&.*
(X)= ——— (2.6
7TX/X0

whereM (x) is the masking functionx,=(Tdf/ox) !, and

dflax is the spatial dispersion at the masking plane. In order

to implement the desired filtering function, both a phase and

an amplitude mask are needed. The phase mask is used to

impart the required alternating sign to the filter. The trans-

mission function of the amplitude mask varies continuously

with position. Furthermore, due to the combination of fast

and slow temporal featureg<100 fs rise and fall times,

pulse duration in the picosecond rangie amplitude mask 2 -1 0 1 2
must be capable of producing a series of sidelobes over a (a) TIME (psec)
large dynamic range. The required phase and amplitude

masks were fabricated on fused silica substrates using mi-

crolithographic patterning techniques, and the two masks

were placed back to back at the masking plane of the pulse

shaper. Phase masks were fabricated by using reactive ion

etching to produce a relief pattern on the surface of the fused

silica. Amplitude masks consisted of a series of fine opaque

metal lines deposited onto the substrate with linewidths and

spacings varied in order to obtain the desired transmission.

This approach to forming a variable transmission amplitude r T 7 T
mask is related to diffractive optics structures utilized for -2 -t .”MEO 1 2
spatial manipulation of laser beams via computer generated (&) (psec)

holography. Figure 4 shows a semilog plot of a power spec-

trum produced in this way. The data correspond to a mask

containing 15 sidelobes on either side of the central peak. A

dynamic range approaching 4@, as well as excellent

signal-to-noise ratio, are evident from the power spectrum.

The dotted line, which is an actual sinc function, is in good

agreement with the data, although the zeroes in the data are

washed out due to the finite spectral resolution of the mea- ¢ ! ) '
surement device Figure (& shows an intensity cross- -800  -400 0 400 800
correlation measurement a 2 pssquare pulse produced by © Time (fsec)

using masks truncated after five sidelobes on either side q_IIG_ 5. Optical square pulse&) Measurement foa 2 ps optical square

the main spectral peak. The rise and fall times of the sql*l"’wSulse.(b) Corresponding theoretical intensity profile) Measurement of a
pulse are found to be on the order of 100 fs. The ripplesquare pulse with reduced ripple.

Downloaded 02 Sep 2009 to 128.220.81.42. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 Femtosecond pulse shaping 1933

DATA
(@
E(w) f T T T )
THEORY -4 -2 0 2 4
} “ | “ W“ H | \ ‘ ©) (a) Time (psec)
lL T ) L] 1
-5.0 -25 0 25 5.0

TIME (psec)

FIG. 6. Ultrafast pseudonoise bursts generated by using a pseudorandom
spectral phase filtgdshown as insét (a) Intensity cross-correlation tracgn)
Corresponding theoretical intensity profile. -8 -4 0 4 8

(b) Time (psec)

At this point we also discuss pulse shaping using phase-
only filters. Phase-only filters have the advantage, in situa-
tions where they are adequate, of no inherent loss. Here we
discuss two examples of useful pulse shaping via lossless,
phase-only filtering using fixed phase masks. There are also
many examples of phase-only filtering using SLMs; these
will be discussed later. u

One interesting example is encoding of femtosecond Uu U .
pulses by utilizing pseudorandom phase patterns to scramble _Br _", 6 4 8
(encodé the spectral phasé&2° An example is shown in
Fig. 62° The clear aperture of the mask is divided into 44
equal pixels, each of which corresponds to a phase shift afiG. 7. Pulse trains generated by phase-only filteriagPulse train under
either zero ormr. Figure &a) shows a measurement of the @ smooth envelopéb) and(c) Pulse trains under a square envelope.
intensity profile of the encoded waveform. Spectral encoding
spreads the incident femtosecond pulses into a complicatgabral intensity profile. An important example is the use of
pseudonoise burst within an8 ps temporal envelope. The periodic phase-only spectral filters to produce high quality
peak intensity is reduced te-8% compared to that of an pulse traing”*® As in Fig. 3, where spectral amplitude fil-
uncoded pulse of the same optical bandwidth. For comparitering is used for pulse train generation, the repetition rate of
son, the theoretical intensity profile, which is the square othe pulse train is equal to the periodicity of the spectral filter.
the Fourier transform of the spectral phase mask, is shown inlowever, unlike the spectral amplitude filtering case, the
Fig. 6(b). The agreement between theory and experiment ienvelope of the pulse train depends on the structure of the
excellent. Similar coding and decoding has been demonphase response within a single period of the phase filter. It
strated with longer phase codes to 127 pixel¥?® and also  turns out that by using pseudorandom phase sequences with
using programmable SLME. An important feature is that sharp autocorrelation peaksimilar to those used in CDMA
because the phase-only filtering is lossless, by using a secomad other forms of spread spectrum communicatibas the
pulse shaper with a conjugate phase mask, the spectral phasailding blocks of the phase filter, one can generate pulse
modulation can be undone, with the result that the pseudtrains under a smooth envelope. The intensity cross-
onoise burst is decode@estored back to the original ul- correlation measurement of a resulting experimental pulse
trashort pulse duration. This forms the basis of a proposettain with 4.0 THz repetition rate, generated using 75 fs input
ultrashort pulse code-division multiple-accé€OMA) com-  pulses and binary phase masks based on periodic repetitions
munications concept, in which multiple users share a comef the so-called (or maximal lengthsequence®’ is shown
mon fiber optic channel on the basis of different minimallyin Fig. 7(a).*” The pulse train is clean, and the pulses are well
interfering code sequences assigned to different transmitteseparated. Pulse trains with similar intensity profilest
receiver pairg14 shown have been produced by spectral amplitude filtering,

In some cases only the temporal intensity profile of anbut with substantially reduced energies. Note that the optical
output pulse is of interest, and this greatly increases the dgghase is constant from pulse to pulse in trains produced by
grees of freedom available for filter design. In particular,amplitude filtering, unlike the phase filtering case, where the
phase-only filters can be designed to yield the desired tensptical phase varies. Pulse trains such as that in Hig. 7

(c) Time (psec)
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have been utilized for experiments demonstrating selectiv€. Results from pulse shaping theory
amplification of coherent optical phonons in crysi$, la- It is important to have a quantitative description of the

ser control over cpherent charge oscill3ations in multipleshaped output waveform,,(t). In terms of the linear filter
quantum well semiconductor sj[ructur":és"’, and enhance-  ¢,malism, Eqs(2.1~(2.4), we wish to relate the linear fil-
ment of t4erghc_artz radiation emitted from photoconductingeing functionH(w) to the actual physical masking function
antennas? Similar pulse trains have also been generated USwith complex transmittancé/ (x). To do so, we note that

ing input pulses below 20 fs, both with fixed maZkand  the field immediately after the mask can be written
with SLMs*® and with repetition rates in the vicinity of 20

THz3 En(X,0)~En(w)e” %~ oM (x), 2.7
Pulse trains with different envelopes can be generated by \2f

varying the details of the phase response within a single pavhere o= ——— (2.89

riod of the periodic phase filtéf:*8 For example, flat-topped 2medcog fy)

pulse trains have been generated by using filters based on th8d

so-called Dammann gratings:>’ Damman gratings are cog b)) [ A

computer generated holograms that have previously been Wo= Cog by WWin)' (2.8b

used to split an individual laser beam into an equally spaced,
equal intensity array of beams in space. The structure for klerea s the spatial dispersion with units cfrad/s ™, wq is
Dammann grating consists of a periodic binary phase functhe radius of the focused beam at the masking pléoreany
tion, where the period of the phase modulation is selected t§ingle frequency componentw, is the input beam radius
yield the desired beam separation in the spatial output arrajefore the first grating: is the speed of light is the grating
and the phase structure within a single modulation period i#€r0d,\ is the wavelength is the lens focal length, anél,
designed using numerical global optimization techniques té&"dfa are the input and diffracted angles from the first grat-
provide the desired number of beams, with as little energy a9, respectively.

possible outside the target array area. In spatial optics, the chr)]te that EQ-(Z(-;; is in general e;]_nonsepargble functihon
output beam array can be obtained by passing a single inpt(flf (_)t spac_:éx) and frequencyw). This occurs because the
patial profiles of the focused spectral components can be

beam first through the Dammann grating and then through 3“ d by th K ral ‘
lens, which takes the spatial Fourier transform. Pulse se:”’f”neir:]a R gn aebrr:atsa;el.i?a dzo(r)nre Egzg r;ecgn;ao?r?: ;g;iy
guences in the time domain can be formed by placing similar hing b P P P '

: wrhile others may not. This leads to different amounts of
masks at the Fourier plane of a pulse shaper. One example . . .
§|ffract|on for different spectral components and results in an

t|me_ domain data,_ obtained by placing a b_mary pr_]ase_ masoutput field which may be a coupled function of space and
fabricated according to a Dammann grating design into

Rime. This space-time coupling has been analyzed by several
femtosecond pulse shaper, is shown in Figp).7The wave- author561‘63p ping y y
form consists of a relatively uniform sequence of eight On the other hand, one is usually interested in generating

pulses, with one central pulse missing. Waveforms with the, ghatially uniform output beam with a single prescribed
missing central pulse restored have been obtained by adju§lsmporal profile. In order to obtain an output field which is a

ing the phase difference on the mask to be less tharsee  fnction of frequency(or time) only, one must perform an
Fig. 7(c). These time domain results, achieved by using & ppropriate spatial filtering operation. Thurstenal® ana-
phase filter originally designed for spatial beam forming aP1yze pulse shaping by expanding the masked field into
plications, underscores again the close analogy between timgermite—Gaussian modes and assuming that all of the spatial
domain and space domain Fourier optics. modes except for the fundamental Gaussian mode are elimi-

It is worth noting that design of Dammann phase grat-nated by the spatial filtering. In real experiments the Gauss-
ings for spatial array generation is usually accomplishedan mode selection operation could be performed by focusing
through numerical optimization techniques. New phase-onlynto a fiber(for communications applicationsr by coupling
filters designed to generate other femtosecond waveformgto a regenerative amplifigifor high power applications
can also be found using numerical optimization codes. Sevfhis can be also be performed approximately by spatial fil-
eral authors have employed simulated annealing a|gOI’ithmferinQ or simply by placing an iris after the pulse shaping
to design either binaf§f or gray-levet®*phase-only filters, ~setup. In any case, if one takes the filter functitfw) to be
which were tested in pulse shaping experiments using eithahe coefficient of the lowest Hermite—Gaussian mode in the
binary phase masks or liquid crystal modulators, respecexpansion of E.(x,w), one arrives at the following
tively. Binary (0-m) phase filters produce waveforms with expressiorf? 64
symmetrical intensity profiles, while gray-level phase filters o |12

. . _ _ 2702
(typically with four or more phase levelsan be used for H(w)=(—2) J dx M(x)e 2~ a®)7/wo, (2.9
generating pulse trains and other waveforms with asymmet- ™Wo
ric intensity profiles. We emphasize that phase-only filteringEquation(2.9) shows that the effective filter in the frequency
is generally sufficient only when the target time-domaindomain is the mask functiol (x) convolved with thenten-
waveform is not completely specified, e.g., when the timesity profile of the beam. The main effect of this convolution
domain intensity is specified but the temporal phases are lefs to limit the full width at half maximum(FWHM) spectral
free. resolution éw of the pulse shaper tdw=(In2)"?wy/a.
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FIG. 8. Experimentala) and theoreticalb) power spectrum resulting from T

spectral encoding using a pseudorandom binary phase code.
time

Physical features on the mask smaller thaw, are smeared i, g, schematic time- and frequency-domain plots illustrating limits on
out by the convolution, and this limits the finest featuresthe complexity of shaped pulses.
which can be transferred onto the filtered spectrum. One con-
sequence of this picture is that wavelength components im-
pinging on mask features which vary too fast for the avail-Where
able spectral resolution are in part diffracted out of the main 1 _
beam and eliminated by the spatial filter. This can lead to M(t)= ZJ do M(aw)e' (2.10p
phase-to-amplitude conversion in the pulse shaping
proces$!¢4®5Conversely, in the limitv,— 0, the apparatus and
provides perfect spectral resolution, and the effective filter is _ 2,210 .2
just a scaled version of the mask. 9(t) = exp( —wol™/8a%). (2.109

The effect of finite spectral resolution and phase-to-Thus, the impulse response is the product of two factors. The
amplitude conversion is illustrated by Fig(a8** The data first factorm(t) is the Fourier transform of the magippro-
show the power spectrum measured for a pulse spectrallyriately scalegland corresponds to the infinite-resolution im-
encoded using a pseudorandom binary phase code in the cqmilse response. The second faajt) is an envelope func-
text of a fiber optic CDMA communications experiment. Thetion which restricts the time window in which the tailored
encoding process impresses a pseudorandom sequence of@itput pulse can accurately reflect the response of the
phases, each either zero ar, onto the spectrum. Even infinite-resolution mask. The FWHM duration of this time
though the code itself is phase-only, a series of dips isvindow (in terms of intensity is given by
present in the encoded spectrum. Each dip corresponds to a
phase jump in the spectral code and results from power dif-  +_ 4“\/H: mein)‘
fracted out of the main beam which is not refocused into the Wo cdcost, |
output fiber. Figure &) shows the theoretical spectrum
simulated on the basis of E(R.9), the known phase code
and the appropriate values far and wy. The measured

(2.11

' The time window is proportional to the number of grating

' lines illuminated by the input beam multiplied by the period

. X _of an optical cycle. A larger time window can only be ob-
power lost n the encoding Process was also compared wit ined by expanding the input beam diameter. The shortest
the simulation results as a function of code lerfjtRor both feature in the output shaped pulse is of course governed by
the.spectrum a'nd thg power lost, the agreement petween e available optical bandwidth.

per|mer_1t and simulation is excellent. These experlmen_ts, and These results impose limits on the complexity of shaped
others like them, show that E®.9) provides an appropriate pulses, which can be understood in terms of schematic fre-

theoretical description, including the effect of diffraction ency and time domain plots in Fig. 9. The shortest tempo-
'PSSG_S due to mask fea_tures, provided tha_t a suitable Spa“%a“ feature that can be realizedt, is inversely related to the
filter is employ.ed following the pulsg shaping apparatus. total bandwidthB(B 6t=0.44), and the maximum temporal
Note that in our treatment earlier we assume that theingow T is inversely related to the finest achievable spec-
output Gaussian mode which is selected is matched to thﬁal featuresf (SfT=0.44). HereT, At, B, and 5f all refer

input mode. The case where the input and output mode siz% FWHMs. We definey as a measure of the potential com-
are not matched is analyzed in Ref. 66; in some cases thﬁexity of the shaped pulse, as follows:

can give improvement in spectral resolution compared to that
expected from Eq(2.9). n=B/6f=T/ét. (2.12
The effect of finite spectral resolution can be understoo
in the time domain by noting that the output pulsg(t)
will be the convolution of the input pulsej,(t) with the
impulse responsh(t). The impulse response in turn is ob-
tained from the Fourier transform of ER.9 and can be
written as follows:

ClI'hus, n describes the number of distinct spectral features
that may be placed into the available bandwidth, or equiva-
lently, the number of independent temporal features that may
be synthesized into a waveform. This measure is related to
the maximum time-bandwidth produdT=0.445. An ex-
pression for the complexity is given in terms of the grating
h(t)=m(t)g(t), (2.10a and input beam parameters as follows:
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A)\ ar Win @
77N (In2)™2dcog 6;) 213 | Fopiosecond L] See, ] At [ e
whereA\ is t_he bandwidt}‘_(in units of wavelength S Gort
We consider a numerical example. If we assume an 850 based on Pulse Shaper
nm center wavelength, an 1800 line/mm grating, an incident S pue Shape
angle of 50° (near Littrow, a 100 fs pulse, andwy,
=2 mm, the resultant time window and complexity &re (b)

. . " E i t &
=26.4 ps andy=264, respectively. These numbers are typi- | Fomoseend L) Juee |—{ Amiier o B
cal in that several experiments have demonstrated time win-

dows on the order of tens of picoseconds and complexities of Computer Controlied

one hundred to a few hundred. Larger time windows are Learning Algorithm
. . . . .. based on User Specified

possible using larger input beams; higher complexities are Experimental Objective

possible using either larger input beams or shorter pulse
widths or both. Pulse shaping time windows in the 100 p§:|G. 10. Control strategies fon_' femtosecond pulse shap('m)gOper] loop
&7 have been reported. as have experiments with puls control. (b) Fee(_iback or adappve control. No_tg tha_t these_experlments can
rang P ! p pulsgr performed either with or without the amplifier pictured in the figure.
as short as 13 € However, in most cases the demonstrated

pulse shaping complexity is still in the range of a few hun- . . . . . .
dred or less. Note that Eq&2.11) and (2.13 are the upper However, a time WllndOW autqmatlcally arises if one includes
an aperture selecting a portion of the shaped beam. For a

bounds on the time window and complexity as set by funda- S R .
. . o .~ Gaussian input beam and a spatial filter which selects the
mental optics. Achieving these limits depends on having Snatched Gaussian spatial mode of the shaped beam, one ob-
sufficient number of spatial features available in the pulse[ains the results in Ep$2 7-(2.1) P '
shaping mask or SLM; and for increasing complexities, the % T
requirements on the precision of the pulse shaping mask and
the optical system become increasingly stringent. D. Control strategies for pulse shaping

The earlier d'fsg_l:fs'o,n' Wh'crr: resuILs ;romban afppro(;a- Femtosecond pulse shapers can be operated either under
mate treatment of diffraction at the mask, has been found 1§, |45 control or in a feedbadkdaptive contrdl con-

adequ_ately describe a great number of experimental_ rE’Su“;i‘“iguration. These concepts are illustrated in Fig. 10. Note that

a suitable spatial filter is employed so that the pulse shape it?nder either control strategy, depending on the experimental
constant across the spatial beam profile. Practically, it is aISPequirements

helpful to avoid using a masking function whose infinite Let us first consider the open loop configuration, Fig.

r_esolut_ion impulse response function exceeds the availablfo(a). Here the desired output waveform is specified by the
time W|nd0\|/v. h vzed th i i user, and reasonable knowledge of the input pulse is also
Severg _papers have analyze the space-time coup 'rlgsually available. Therefore, the desired transfer function is
eﬁectgl_%£|5|ng due to diffraction from the pulse shapingy.qwn and one sets the pulse shaping StiMthe case of
mgsk. Wefgrs anql Nelsdit have optamed a _S|mple ana- programmable pulse shaping provide this transfer func-
lytical expression which Qes_crlbes this _space-tlme COUpIIngtion. If there is additional linear distortion present between
Assuming an input electric field proportional tg(x)€in(t), the input and outpute.g., phase aberration in a chirped pulse

and assuming no aperturing or spatial filtering by the Optica’femtosecond amplifier the pulse shaper can be programed
| i i . . . .
system(except at the mask!the shaped electric field after g, 4t jts transfer function also includes precompensation

the final grating is given by for such distortion. This open loop strategy requires precise

calibration of the SLM. However, precise characterization of
Eouf X, ) ~ Fin(x+ vt)J dt’ej(t")m(t—t’), (2.143  the input pulse is often unnecessary, provided that the input
pulse is known to be shorter than shortest features desired in
where the shaped output waveform. Open loop control, which has
cdcoséy, been used since the original pulse shaping experiments, is
V= (2.14h  the only method applicable with fixed masks. It has been

used to obtain high quality shaped pulses for many different
The integral gives the shaped pulse which would be obtainedxperimental applications and remains in common use for
in the perfect spectral resolutiofinfinite time window programmable pulse shaping with SLMs.

limit—i.e., the convolution of the input pulse with the scaled The ability to program a pulse shaper under computer
Fourier transform of the mask. Thg(x+vt) multiplier rep-  control has led recently to several interesting demonstrations
resents a time-dependent spatial shift of the shaped wavef adaptive pulse shapirgrig. 1Qb)]—or pulse shaping un-
form. It is interesting to note that for a spatial shifk along  der feedback contrdi’*88-"3n these experiments one usu-
the output beam, the corresponding time offset is given bwlly starts with a random spectral pattern programmed into
the number of grating grooves intercepted by the spatial shifthe pulse shaper, which is updated iteratively according to a
(Ax/d cosé,,) multiplied by the optical periodN/c). Equa-  stochastic optimization algorithm based on the difference be-
tion (2.14) does not explicitly include any time window. tween a desired and measured experimental output. In this
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8 ] tained after 1000 iterations is shown in Fig.(Al(note the
(@) 'E; /\wf\ different time scalg The pulse is compressed to 14 fs, much
E, /4 \ closer to the bandwidth limit, and the pulse quality is greatly
61 z If‘l i improved. The time required to run this experiment was
i : ) roughly 15 min(~1 s per iteration
! 1‘ ‘ O avelongth fam] In adaptive pulse shaping neither the input pulsee

earlier examplenor the calibration of the SLM nor the out-
i put laser waveform need to be specified. What does need to
I ‘ specified is the experimental outcome to be optimized and
I the adaptive learning algorithm to be employed. The adap-

i tive control strategy can be appropriate when the calibration
0 ——r — L ———r of the SLM is difficult or the state of the SLM depends in a
-150 120 -90 -60 -30 0 30 60 80 120 150 complicated way on the input variables. It can also be par-

Delay [fs] ticularly useful when the appropriate laser waveform is not

known. One example is in the field of coherent confrol,
(9)) where shaped laser waveforms can be a tool for controlling
guantum mechanical motions, with potential application,
e.g., to laser controlled chemistry. In many real systems the
Hamiltonian is not known with sufficient accuracy to predict
the appropriate laser waveform. In these cases the adaptive
approach can be used to search for the laser waveform which
gives the best experimental result, such as optimizing the
yield of a particular photochemical produét’’

Intensity [au]
s

Intensity [au]
s

U / E. Pulse shaping in amplified systems

We comment briefly on pulse shaping in amplified fem-
40 30 20 -0 o 10 20 30 40 tosecond systems. Amplifiers are needed whenever mode-
Delay [fs} locked oscnlators. alone are msufﬁment to produce shaped
pulses at the desired energy levels. Briefly, the pulse shaper
FIG. 11. Results from adaptive pulse shapifa. Interferometric autocor- May be placed before the amplifieas in Fig. 10, after the
relation measurement of highly chirped pulses from a Ti: sapphire ldger. amplifier, or in some cases it may be part of the amplifier. In
Measgrement of pul_se compressgd to nearly the bandwidth limit througlfhe late 1980s several experiments were reported in which
adaptive pulse shaping. Inset: optical power spectrum. . .
high energy shaped pulses were generated by placing a pulse
shaper containing fixed masks after a microjoule level am-
way femtosecond waveform synthesis or chirp compensatioplifier systent'>%%787|n recent experiments with millijoule
can be achieved without the need to explicitly program thdevel amplifier systems and programmable pulse shapers, the
pulse shaper. Adaptive pulse shaping experiments have beenlse shaper has been placed either b&faeafter’"3the
performed using liquid crystal modulator array$®-">  amplifier. Placing the pulse shaper before the amplifier has
acousto-optic modulators;’* and deformable mirror phase the advantage that the danger of damage to the SLM is mini-
modulator arrays® Experimental demonstrations have in- mized. Furthermore, in the case of a saturated amplifier, the
cluded chirp compensation and shaping of low energy pulsesutput energy is not strongly dependent on changes in the
from femtosecond oscillatoré;*8%8Ocorrection of residual input energy; therefore, losses during the pulse shaping pro-
chirps remaining after the pulse stretching-compression prazess before the amplifier need not result in substantially
cess in high energy chirped pulse amplifi&té! and quan- lower energies after the amplifier. One should note, however,
tum control experiments demonstrating adaptive pulse shapeat in the case of very high power amplifiers, one may need
control of fluorescence vyiel# and photodissasociation to consider the influence of pulse shaping on nonlinearities in
products’”> One example of data from an adaptive pulsethe amplifier. In chirped pulse amplifiers, the pulse is
compression experiment is shown in Fig.*[1n this work a  stretched very substantially in order to lower the peak inten-
Ti:sapphire laser was deliberately misaligned in order to gensity and, hence, avoid nonlinearities in the amplifier. Chirp-
erate highly chirped output puls¢s-80 fs, Fig. 11a)], al-  ing or stretching of a shaped pulse may in some situations
though the~150 nm wide laser bandwidifsee insetcould  modulate or otherwise influence the intensity seen by the
potentially support sub-10 fs pulses. The state of a liquidamplifier, which may lead to nonlinear distortions in the am-
crystal phase modulator array in a pulse shaper was adaplified output wavefornf! Note that since chirped pulse am-
tively controlled using a simulated annealing algorithm inplifiers contain grating based pulse stretchers and compres-
order to maximize the average second harmonic signal meaors, it is also possible to perform pulse shaping within the
sured after an external doubling crystiile second harmonic amplifier by placing a SLM at the appropriate point in the
is expected to be highest for the shortest, most intense)pulsestretcher or compressor. This approach has been reported in
The interferometric autocorrelation trace of the pulse ob-Ref. 82, where a liquid crystal phase modulator array was

0
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used within the stretcher to obtain millijoule level shapedpersion, the output will be uniformly attenuated as the card is
pulses. However, this approach requires that the stretcher beoved in the masking plane.
constructed to match the aperture of the SLM, which cuts (6b) The distance between the second and first grating
down on design flexibility which may be needed to achievemust be set for exactly four focal lengths in order to obtain
very large stretching ratios. zero group velocity dispersiofin the case of a chirped input
pulse, one may vary the grating separation from this condi-
tion in order to compensate the input frequency chiffhe
F. Pulse shaper alignment grating distance can be fine tuned by measuring the output
The optical components within Fourier plane pulsePulse duration, for example, via intensity cross correlation
shapers have many degrees of freedom, and careful aligh'Sing an unshaped pulse directly from the laser as a refer-
ment of the components is critical. A recipe for pulse shapefnCe. The grating is translated until the output pulse width is
alignment, used in much of the author’'s work with fixed minimized. In order to estimate how precisely the grating
masks or liquid crystal SLMs, is given below. We assumeSeparation must be set, it is helpful to use the following
the pulse shaper is assembled on a flat working surface, e.dormulas, which specify the grating dispersion as a function
an optical table, and a short pulse source is used for th@f grating separatioff*>#4

alignment. P h(w) A3(L—4f)

. (1) Make sure that. the.input beam from the laser is gol— 907~ 2ncd?cod oy (2.153
limated and propagating in a plane parallel to the optical
table surface. and equivalently
(2) Align the first diffraction grating such that the plane JT(N)  N(L—4f)
of the grating surface and the rulings of the grating lie in a = (2.15bh

plane normal to the optical table. This can be achieved by IN cd” cos’ dg
observing the specular reflectidmero order diffraction as Here ¢(w) is the spectral phase anb(\) is the

well as the desired diffraction order and making sure thatvavelength dependent group delayA4f represents the de-
both propagate in a plane parallel to the table. With correctuning of the grating separation from the dispersion-frée 4
alignment the direction in which the optical frequency com-separation condition. The grating separation should be set so
ponents spread should also be parallel to the table surfacethat T varies by much less than one pulse width across the

(3) Place the first lens approximately one focal lengthbandwidth of the puls@éX\, or equivalently so that) varies
away from the first grating, with the lens centered on andoy much less thanr.
normal to the diffracted beam. The height of the lens should (7) Now the pulse shaping SLM can be activafeéat
be adjusted to ensure that the transmitted beam still propaerted first if not done in stef})]. Its aperture should be
gates parallel to the table surface. However, the exact poseentered on the desired spectral region, and it should be
tioning of the lens is usually not critical. placed at the back focal plane of the first lens where indi-

(4) The mask or SLM can be placed at approximately thevidual frequency components are focused to their minimum
back focal plane of the first lens, making sure that the apersize. Both adjustments are facilitated by monitoring the out-
ture of the SLM is centered on the spatially dispersed freput spectrum from the pulse shaper in order to observe the
guency spectrum. At this point the SLM should be set to itsfeatures placed by the mask or SLM onto the spectrum.
quiescent staténo amplitude or phase modulation#lter-
nately, the mask or SLM can be left out at this point and
inserted after the rest of alignment is complete.

(5) Position the second lens two focal lengths away from  The task of producing a shaped ultrashort pulse is
the first lens. The lens should be translated closer to or furelosely connected to the task of measuring such shaped
ther from the first lens until the transmitted beam is colli- pulse. The field of ultrashort pulse shape measurement has
mated. The height of the second lens is adjusted as per steimdergone dramatic progress during the last decade, in par-
(3). allel with progress in pulse shaping. Although it is not pos-

(6) Position the second grating one focal length from thesible within the scope of this article to give a comprehensive
second lens. Adjust the tilt of the grating and the direction ofdiscussion of pulse measurement techniques, nevertheless, in
the grating rulings in the same way as per §®pThere are the following we do give a brief, nonexhaustive overview of
then two further critical adjustments: methods which have been most frequently applied to charac-

(6a The rotation of the grating about the vertical axis terization of shaped pulses.
must be set to exactly match that of grating one. This can be The technique which has been most often used for mea-
achieved by observing the output beam in the far field anduring shaped pulse@specially until recentlyis intensity
making sure that there is no remaining spatial dispersion—eross correlation, which yields a signal
i.e., all the frequency components should be optimally over-
lapped. To help visualize residual spatial dispersion, one can X'(T)Nf dtly(t—7)1,(t). (2.16
place a card in the masking plane and sweep it across the
spatially dispersed frequencies. If there is residual spatiarhis quantity can be obtained by measuring the average sec-
dispersion at the output, one can see an image of the cawhd harmonic power generated through the interaction of
sweeping across the output beam; if there is no spatial digwo pulses with intensity profile$,(t—7) and I,(t) in a

G. Measurement of shaped pulses
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second harmonic generation crystal as a function of the rela- 760
tive delayr. Whenl , is a short pulse directly out of a mod- s
elocked laser, andl, is a shaped pulse significantly longer -
thanl,, then the cross-correlation sign4|(7) provides a = ’ ‘.‘.
good approximation to the shaped intensity profile. However,
any very rapid features ih, varying on the same time scale
asl, will be broadened. Furthermore, no phase information
is available. Note, however, that if pulse shaping is success-
ful in accurately generating a complicated desired intensity | ' I ! |
profile, as verified by intensity cross correlation, then one (
can usually infer that the desired phase profile is also gener-
ated at least reasonably well, even without direct measure- R 5
ment. This proved true, e.g., in dark soliton propagation ex-
periments, where the nonlinear propagation of the dark
soliton pulse in an optical fiber was sensitive both to the
shaped pulse intensity and phase prdfilélevertheless, the
lack of any direct phase information is a significant limita-
tion of the intensity cross-correlation method.

Unshaped pulses in ultrafast optics have been measured 1000 500 O 500 100630
for many years via intensity autocorrelatitsee for example (b) Time / fs
Ref. 85, which is obtained from Eq2.16) by settingl 4(t)
=1,(t). Although the exact pulse shape cannot be deterEIG. 12. (a)_ Meas_ured_ FROG trace of amplifieq, shaped sig(al,Time-
mined from intensity autocorrelation data, for simple pu|Sedependent intensitgsolid) and phasédashedl retrieved from FROG data.
shapes the approximate pulse duration can still be obtained.
However, for complicated shaped pulses, the intensity auto- _ 2
correlation is usually not useful since most pulse shape in- S(w,r)~f en(t)|en(t—7)|%e 1etdt| (2.18
formation is lost.

In addition to intensity cross correlation, field cross-\yheree, (t) is the pulse to be characterized. Equatiarid
correlation measurements can also be useful, especially fog 5 kind of spectrogram, a type of time-frequency transform
low power signals. The electric field cross correlation isyhich is well known in speech analysis for example. One
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given by important feature of this measurement approach is that time
dependent frequency shiftshirps can often be visualized
Xel T)"’J dte,(t—7)e;(t)+c.c., (2.17 directly and intuitively. A secondand most importantfea-

ture is that both the complete intensity and phase profiles of

where “c.c.” means complex conjugate. This quantity canthe ultrashort pulse can be recovered, in practice by using
be obtained by recording the interference fringes betweeiterative computer optimization techniques.
two field e;(t—7) ande,(t) as a function of delay at the One example of FROG data, using polarization rotation
output of an interferometer. #,(t) is a short reference pulse gating, is shown in Fig. 1%/%8 Here the input pulses were
(e.g., right out of the lasgrand e,(t) is a longer shaped derived from a Ti:sapphire chirped pulse regenerative ampli-
pulse, then the interference envelope provides an approxfier, with a mask placed at the Fourier plane of the pulse
mate measurement of the shaped electric field amplitudstretcher in order to block the central frequency components
|e,(t)]. If the phases of the fringes are also carefully mea-as a simple example of pulse shaping. The modulation along
sured, then one can also determine the time-dependent phabe delay axis in the experimental FROG trdEwy. 12a)] is
of e,(t). In this way the shaped electric field is completely indicative of a strong temporal modulation, which is in fact
characterized. observed in the retrieved multiple-pulse intensity profile

An important breakthrough in the field of ultrafast optics [Fig. 12b)]. The modulation along the wavelength axis of
was the relatively recent development of techniques for comthe FROG trace arises due to the double peaked nature of the
plete amplitude and phase characterization of ultrashoghaped spectrum.
pulses. The best known of these techniques is called A second example of FROG data, applied to optimiza-
frequency-resolved optical gating, or FRGE’ In FROG  tion of high power pulses from a chirped pulse amplifier
one gates the pulse to be measured with an identical timesystem though pulse shaping, is presented in Sec. VIl C
delayed version of itself. Various gating mechanisms, sucliFig. 31).
as second harmonic generation, nonlinear polarization rota- There are two ways in which FROG can be applied for
tion, and transient gratings, have been employed. The poweaharacterization of shaped pulses. In the first, FROG is ap-
spectrum of the output pulse resulting from the nonlineamplied to measure the shaped pulse itself, as in the example
gating interaction is measured with a spectrometer as a fun@bove. A limitation of this approach is that for sufficiently
tion of time delay between the two pulses. In the case of theomplicated waveforms, convergence of the computer rou-
polarization rotation gating mechanism, the measured quariine for recovering the temporal phase and intensity profiles
tity S(w,7) can be expressed as from the FROG data may become less dependable. Some
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examples of waveforms from a pulse shaper that have bee ) ©
characterized by FROG are published in Refs. 88—90. In the
second case, FROG is used to completely characterize pulse
from the modelocked laser, which then serve as referenct
pulses for measurement of the more complicated shapei
pulses, using noniterative techniques such as intensity o
electric field cross correlation or spectral interferometse

laten). Dela(;' (ps) -l Del 0 !
Another technique which can be applied to characteriza- e elay (@s)

tion of shaped pulses is based on spectrally and temporally ) @

resolved upconversion. Experiments of this type split theg = g 9 —otsuse—

waveform to be characterized into two parts: one is used as % 0 P i 1

reference, while the other is spectrally sliced, e.g., by using &= g o

simple pulse shaper containing a narrow slit at the Fourier

plane or by using an interference filter, and thereby stretchec -2t ———————— M 4 2 o s 4

in time to a duration much longer than the reference pulse. Frequency (THz) Frequency (THz)

The upconversion cross-correlation signal between the refe[:- : .

. . . 6{3 13. (a) Intensity cross-correlation measurement éojdspectral phase
ence an.d spectrally sliced pulses is generated usINg a SeCOfGemtosecond “odd” pulse(c) Intensity cross-correlation measurement
harmonic crystal and then analyzed. In the earliest approacind(d) spectral phase of frequency shifted pulse doublet.

the temporal position of the spectrally sliced pulse is mea-

sured as a function of the frequency of the transmitted SP€Grequency-shifted pulse doublet, with the two pulses clearly
trum, which is varied by translating the slit in the pulse asolved in the cross correlatidifig. 13c)]. The spectral
shaper in a series of correlation scdh$? This yields the phase data extracted from the DPSOM measurement are
frequency dependent delax(w), which is related to the shown in Figs. 18) and 13d). In the latter trace, the linear

spectral phase(w) by spectral phase evident over half of the spectrum corresponds
Ip(w) as expected to a simple time delay of that half of the spec-
T(w)=— Fy (2.19  trum, as per Eq(2.19.

Another case of this type of measurement which has
In another approach, the upconversion signal was spectrallyeen used for shaped pulse characterization has been named
resolved using a spectrometer as a function of crossSTRUT (for “spectrally and temporally resolved upconver-
correlation delay for a fixed position of the sfite., a fixed sion technique’. This method is related to that of Ref. 93,
spectral slicg® which gives similar information. Compared but adapted for a single-shot measurement geometry and
to FROG, one advantage of these techniques is that due teal-time data analysis for application to femtosecond ampli-
their noniterative nature, data can be analyzed fast enoudfer system$*°® An example of STRUT data is discussed in
for real-time display of the pulse characterization data. ASec. IV.
disadvantage is that the bandwidth of the spectral slicer must Finally, we mention spectral interferometf§in which a
be consciously chosen to be narrower than the most rapidlghort reference pulse with spectriig( ) is combined with
varying spectral features of the waveform under tast this  the pulse to be characterizéglg., a shaped pulswith spec-
may not be knowra priori) in order to achieve accurate trum E,(w). The two pulses are given a relative time delay
results. 7, and the resulting power spectrum is measured, which con-

These early experiments cited earlier were used for chartains an oscillatory term of the form

acterization of unshaped pulses. Recently related methods % Cier
have been applied to shaped pulses. In one case the method S(w)~Ey(w)Ez (0)e 1T+ c.c. (220
of Refs. 91 and 92 was generalized by including a multiple-The spectrum contains fringes with period approximately
slit mask in the Fourier plar¥. Different pairs of slits give 7%, which can be analyzed for the case of a short,
rise to various interference features in the time-domain inbandwidth-limited(or well characterizedreference pulse to
tensity cross-correlation trace, and the temporal phase or pgield the complex spectruri,(w). Note that it is the fre-
sition of these interference features provide information orgquency dependent deviation of the spectral fringe period
¢(w), which can be extracted automatically via Fourierfrom the average period that yields spectral phase informa-
analysis. An improvement compared to the earlier work istion; the average fringe period itself depends only on the
that only a single cross-correlation scan is required. Twaelative delay and not on details of the pulse shape. Further-
examples of pulse measurement data obtained using this smore, since this is an interferometry technique, what is actu-
called “direct optical spectral phase measuremef®P- ally measured is the relative spectral phase of the pulse under
SOM) are shown in Fig. 13. In one case an “odd pul$Bfs  test with respect to the reference pulse. Spectral interferom-
generated by imposing an abruptphase shift into half of etry has been used by several groups for characterization of
the spectrum, resulting in a pulse doublet which is partiallyshaped ultrashort pulsé$®’~*°this technique is relatively
resolved in the conventional intensity cross-correlation traceasy to apply since a short pulse directly from the laser is
[Fig. 13@]. In the second case, a glass plate was insertedsually available in pulse shaping experiments. In order to
into half of the spectrum in the pulse shaper, leading to abtain the exact spectral phase of the pulse under test, one
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FIG. 14. Programable pulse shaping apparatus based on a LCM array.

. . FIG. 15. Schematic diagram of an electronically addressed, phase-only LC
must carefully characterize the reference pulse, e.g., by using m.

FROG, as noted earliéf.On the other hand, if the reference

pulse is already known to be approximately bandwidth lim- ) ) )

ited, then one can get the approximate spectral phase of the Figure 15 shows a schematic of an electronically ad-
shaped pulse without characterizing the reference pulse. THE€SSed, phase-only LC SL#.A thin layer of a nematic
accuracy of this approach of course depends on how godifiuid crystal is sandwiched between two pieces of glass.
the reference pulse is. However, in some situations one i$"€ nematic liquid crystal consists of long, thin, rod-like
only interested in characterizing the relative spectral phasgolecules, which in the absence of an electric field are
between shaped and reference pulses; the exact form of tgned with their long axes along thyedirection. When an
shaped pulse is not of interest, and therefore, the phase of tif&ectric field is appliedin the z direction, the liquid crystal
reference pulse is not relevant. This situation applies for exmolecules tilt along, causing a refractive index change for
ample when one uses spectral interferometry to measure thgPolarized light. A maximum phase change of at leasi
dispersion of an optical component or subsystem placed iffauired for complete phase control. In order to apply the
one arm of an interferometer. This approach has been uségauired electric field, the inside surface of each piece of
for characterization of a pulse shaper response to broadbal_%ass is coated with a thin, transparent, electrically conduct-

incoherent light illuminatiol’® and for characterization of Ng film of indium tin oxide. One piece is patterned into a
dispersion-compensated fiber links suitable for nearly?Umber of separate electrodésr pixels with the corre-

dispersion-free femtosecond pulse transmis&ion. sponding fan out for electrical connections. In the original
“homemade” modulator array in Fig. 15, there are 128 pix-

IIl. PROGRAMMABLE PULSE SHAPING USING LIQUID els with 40 um center-to-center pixel spacing, 24N gaps
CRYSTAL SLMs (LC SLMs) between pixels, and a total aperture of 5.1 mm. Current com-

We now proceed to discuss programmab|e pu|se Shapin@]erCia”y available LC SLMS also have 128 piXG|S, but with
using LC SLMs as a programmable mask. Pulse shapind00 um center-to-center pixel spacing for a 12.8 mm aper-
using other programmable mask technologies, such are. The modulator array is controlled by a special drive
acousto-optic modulators, will be discussed in subsequeriircuit which generates 128 separate, variable amplitude sig-
sections. Note that some of the discussion in this sectior}als to achieve independent, gray-level phase control of all
such as SLM construction, is Specific to pu|se Shaping usinéZ8 modulator elements. An additional point Concerning the
LC arrays, whereas other aspects of the discussion, e.dlrive circuitry is worth noting. Each drive signal actually
pulse shaping using phase-only filtering, cover concepts th&onsists of a variable amplitude bipolar square wave, typi-

are also applicable to pulse shaping using other SLM techcally at a few hundred hertz or above, rather than a variable
nologies. amplitude direct currentdc) level. The use of an alternating

current(ag drive signal is required to prevent electromigra-
tion effects in the liquid crystdf? Otherwise the use of a
square wave as opposed to a dc level does not change the
Liquid crystal modulatoLCM) arrays have been pri- operation of the modulator, since the rotation of the liquid
marily configured for either phase-only or phase-and-crystal molecules depends only on the amplitydet the
amplitude operation in pulse shaping applications. Figure 14ign) of the applied voltage. Input data for the drive circuit is
depicts an apparatus for programmable pulse shaping using@aded into local memory from a personal computer, thus
LC SLM in phase-only operatiotf:*®* Compared to pulse facilitating the generation of complex phase patterns.
shaping setups using fixed masks, the main differences are Figure 16 shows an example of real-time pulse shaping
that the fixed masks are replaced by the LC SLM, and a paidata measured using an earlier 32 element liquid crystal
of half-wave plates are used to rotate the polarization in orphase modulator array and 75 fs pulses at Q62 from a
der to match that required by the modulator array. The LCcoliding-pulse-modelocked dye lasérin the experiment
array allows continuously variable phase control of eachhalf of the pixels were connected to a constant amplitude
separate pixelwhereas fixed masks usually provide only bi- drive signal, while the other half were switched at a 20 Hz
nary phase modulatiorand allows programmable control of rate between the different drive levels. In one state, the
the pulse shape on a millisecond time scale. phases are all the same, and the output is a single pulse

A. Pulse shaping using electronically addressed
liquid crystal modulator arrays
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Programmable Femtosecond Pulse Shaping
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FIG. 17. Measurements of temporally shifted pulses achieved by placing
FIG. 16. Real-time pulse shaping data. Top trace: pulse intensity profilefinear phase ramps onto the spectrum. Data are shown for phase changes per
measured using a real-time cross-correlation setup, showing switching besixe| of 0 and= /4, resulting in delays of 0 and1.38 ps, respectively.
tween two distinct waveforms with 25 ms. Bottom trace: Time-varying
drive signal to the LCM array.

tion modulation. Pulse position modulation relies on the fact

similar to the input pulse. In the other state, half of the pixelsthat If f(t) andF(«w) are a Fourier transform pair, then the

experience a relative phase shiftafWith the particular set delayed signali(t-7) is the Fourier transform oF(w)

of connections chosen in this experiment, this results in a>< exp(~iws). Thus, a pulse can be retardenl advanceHby

pulse doublet. The pulse intensity profiléep trace shown !mp_osmgba Itlrr:ear lpk;_ase sweep onto its spectrum. The delay
in Fig. 16 were obtained by using a real-time cross-> 9IVeN by Ihe refation
correlation setup, which was driven in synchronism with the 7= — §¢/27 51, 3.2

time-varying drive signalbottom tracé The data demon- where 86 and &f are, respectively, the imposed phase

strate complete switching from a single pulse to a pulse dou- . . _
blet within 25 ms. Under appropriate drive conditions, suchChange per pixel and the change in optical frequency from

LCM arrays are capable of switching in10 ms. It is im- one pixel to the next. For the experiments in Ref. 35 with a

portant to point out, however, that switch-on and switch-off128 element modulatorf was approximately 0.092 THz,

i ; nd thereforer=—10.87 (§¢/27) ps. The modulator was
times are usually not the same and depend on the bias volf- ide th red ph deto th
age levels. set to provide the required phase sweep modulpsd that

for h pixel the ph is in the ran —ZFigure 17

In order to use LC SLMs for gray-level phase control, a or each pixe| the phase IS the range G- Zigure .
. L . . shows cross-correlation measurements of temporally shifted
careful phase versus voltage calibration is required. This can

be accomplished by using the array as an amplitude modLRUIseS achieved by means of pulse position modulation. Data
i +
lator for a continuous-wavéw) laser. The laser is linearly are shown for a phase change per pta) of 0 and£ /4.

polarized, with its polarization rotated 45° relative to theThe output pulses occur at 0 andl.38 ps, in close agree-

X o . ment with Eq.(3.2). These data demonstrate the ability to
alignment direction of the liquid crystal, and focused onto 8.1ift the pulse position by many pulse widths by using spec-
single pixel of the multielement modulator. The phase cali- P b y yp y gsp

o . . o | ph ipulation. N hat th | ph i
bration is obtained by measuring the transmission through yal phase manipulation. Note that the total phase sweep in

. . . fhese experiments is a2 Because pixellated LCM arrays
subsequent crossed polarizer and using the relation . . .
can be programed to provide the desired phase function

by (V) — by modulo 2, large phase sweeps can be achieved using modu-
2 ) 3.1 lators with maximum phase changes as small asow-

ever, in any case of a smoothly varying target phase func-
where T(V) is the fractional transmission through the tion, as here, the phase change from one pixel to the next
crossed polarizer, and is the applied voltage. Herg, cor-  should remain small enough that the staircase phase pattern,
responds to light polarized along the short axis of the liquidwhich is achieved by the LCM with its discrete pixels, is a
crystal molecules and is independent of the applied voltagesufficiently good approximation to the desired phase func-
¢y(V) corresponds to the voltage-dependent phase placebn. This point is discussed further in connection with Eq.
onto the optical spectrum when the modulator is positioned3.4) later.
within the pulse shaper. In Ref. 35 several calibration curves  Gray-level phase control can also be used to achieve
were measured at different points along the array. The resulggrogrammable compression of chirped optical puféésAs
shows good uniformity, as required for high quality pulseone example, we discuss recent experiments in which a pulse
shaping. The LC array can also be calibratedsitu within shaper equipped with a LC SLM was used to complement
the pulse shaper by using pulse characterization techniquéiber dispersion compensation techniques in propagating
such as spectral interferometry to measure the spectral phas&00 fs pulses over a 2.5 km optical fiber liffkThe link
changes imposed on an ultrashort pulse. consisted of 2.1 km of standard single-mode fit&viF) and

Gray-level phase control can be used to accomplish 8.4 km of dispersion compensating fil&CF). Since SMF

number of interesting pulse shaping tasks. For example, ussnd DCF have dispersion with opposite signs at the operating
ing the modulator array to impart a linear phase sweep ontaavelength of 1.56um, the fiber lengths can be adjusted to
the spectrum corresponds in the time domain to pulse postancel all of the lowest order dispersi¢re., phase varying

T(V):sinz(
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£ 047 490 fs 20 —/————/ FIG. 19. Shaping of 13 fs pulses using a phase-only liquid crystal phase
0.2 Ly modulator array. In this example, the LCM produces a cubic spectral phase
0.0 & Y I variation, leading to the asymmetric distortion seen in the intensity cross-
- LRLALEAN LA AR LR I I = H
5 2 4 0 1 2 3 20 40 60 80 100120 correlation plot.
Time (psec) Pixel #

o similar to that seen in Fig. 1B) and in good agreement with
FIG. 18. (g) Inpgt pul_se to the 2.5 km fiber linkb) an_d (c) Output puls&_as the calculated pulse shaf)%.
from the fiber link with (b) constant phase ofc) cubic phase correction . . .
applied to the LCM{(d) The cubic phase correction function. For the most general pulse shaping operation, indepen-

dent control of spectral phase and amplitude is desired.
Given the appropriate input polarization relative to the liquid

quadratically with frequengy In addition, since the deriva- crystal axis, a single LCM array together with a polarizer can
tives of the dispersion with respect and frequency also havbe used as an amplitude modulator; however, this leads also
opposite signs, the dispersion slgjpe., cubic spectral phase to a phase modulation which depends on the amplitude
variationg can also be partially compensated. In the experimodulation level. Therefore, for independent phase and am-
ments in Ref. 40,~500 fs input pulses are first broadened plitude control the use of two LC arrays is required. Origi-
~400 fold in propagating through the SMF, then recom-nally this was accomplished by modifying the setup of Fig.
pressed by the DCF to within a factor of 2 of the input pulse14 to contain two telescopic lens paifsur lenses between
duration. Intensity cross-correlation measurements of the inthe gratings, with separate LC SLMs between the first and
put pulse and output pulse after 2.5 km fiber propagation argecond and third and fourth lenses, respectiv&l.consid-
shown in Figs. 16 and 18b), respectively. The remaining erably simplified and improved setup, which is currently the
broadening and distortion of the output pulse are charactepreferred geometry for independent phase-amplitude modu-
istic of a cubic spectral phase variation. At this point, a LClation, was achieved by combining two LC arrays into a
SLM in a pulse shaper can be used to apply a spectral phasingle device, as depicted in Fig. 2. The two arrays are
function [Fig. 8(d)] which is equal and opposite to the esti- attached permanently with their pixels aligned and angular
mated residual phase variation of the output pulse from therientations fixed. Each array consists of 128 pixels on 100
fiber link. The result, shown in Fig. 18 is a completely um centers with 3um gaps. The dual-LC—SLM unit is
recompressed pulse with the original pulse duration and nplaced between a pair of Polacor polarizers passing light po-
observable distortion. Thus, in these experiments all-fiber

techniques are used for coarse dispersion compensation,
while a programmable pulse shaper is used to fine tune any ’<— F 4+— F —»}c— F 4—'<~ F —»!
remaining dispersion. Similar experiments extended to

shorter pulse$400 f9 and longer fiber spand0 km) have Grating Lens  Double Mask Lens - Grating
recently been reported® Pulse shapers with LCM arrays
have also been used for compensation of residual dispersion
in chirped pulse amplifier systeffi$?and for adaptive com-
pression of chirped pulsdsee Sec. |1

Gray-level phase control for pulse position modulation Diffraction
and programmable pulse compression, first demonstrated us- | Efficiency:
. . x-pol. ~80%
ing LCMs, has also been extended to pulse shaping systems
using moveable or deformable mirrors or acousto-optic
modulators. This will be discussed in later sections.

LC SLMs have also been used for phase-only filtering
and shaping of pulses with temporal resolution approaching
10 fs. Figure 1% shows one example, wherel3 fs pulses
from a modelocked Ti:sapphire laser with a center wave-

length of apprOX|mater 800 nm are shaped using ar.f:IG. 20. Schematic diagram of pulse shaping using an electronically pro-

. . O . .
aII-reerctlve-optlcg‘,_ p_ulse shaper. The LCM |mpar.ts a_CUb|_C grammable dual LCM array offering independent phase and amplitude con-
spectral phase variation, leading to an asymmetric distortiofrol.

Input Pulse
x-polarized

degrees

LCs at 45
degrees
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, (@) . (b} directly from the laser. The data represdat an 800 fs
square pulse(b) a five pulse sequence of equal amplitude
08 08 pulses in which both the pulse timings and phases are speci-
~§°~6 -§°~6 fied, (c) a three pulse sequence with different chirp rates per
204 204 pulse, and(d) a sequence of ten 70 fs pulses with pulse
02 02 timings, phases, and amplitudes all specified. In Fig$c)21
. . and 21d), the desired intensity profiles are also shotas
2 0 2 2 1. 0 1 2 dashed lines Clearly, waveforms with a rather high degree
time in psec time in psec N . . .
© @ of complexity can be generated with excellent fidelity.
1 I Finally, we note that dual LC SLMs may be useful for
08 1 controlling the time-dependent polarization profile of ul-
206 208 trashort pulses. This possibility, as well as a simple experi-
5 §os | mental demonstration, are discussed in Ref. 104. Note, how-
£o4 =04 - ever, that the diffraction efficiency of the gratings, which
02 : 02 | usually have a strong polarization sensitivity, make polariza-
oA o—L 2 > tion pulse shaping more difficult.
time in psec time in psec It is worth commenting on the degree of extinction pos-

FIG. 21. Intensity cross-correlation traces of shaped pulses using the duﬁlbIe with a. LCM for pglse shaping. In my own group, we
LCM array. (a) 800 fs square pulsgb) Sequence of five, equal-amplitude NaVve Some“mes_use_d single layer L(_: SLisually used for
pulses(c) Three pulse sequence with different chirp rates per pais&en ~ phase-only applicationsas an amplitude only modulator,
%'Si sequence with pu'$‘?_|‘imi”9’ &}mp“msy ar:'ddﬁha)sse[\f\;?f;:f@) and  which is achieved by rotating the input polarization by 45°
, the target intensity profiles are also sho@ashed lines [With permis- : . : .

sion, from the Ann. Rev.hPhys. Chedb (1995, by Annual Reviews http:// ZZSa %?Ig%fagoaGpgﬁ%r:]a;ef';{ac;rloeg)t(igec:jl:;%u;g(c)jlgr:sjclf]l|ne$2§
www.AnnualReviews.or] : ) -

for a commercial single layer LC SLM working in the 1.55

. , . o , band. We also have experience using phase-amplitude
larized along the spectral dispersion directitiorizontal in ~ “™ . T
9 P P A LCMs at 1.55um, and are able to achieve on-off ratios in

Fig. 20, denoted). In this orientation there is no need to 7 - .
rotate the polarization between the gratings and LCM arraythe range 25-30 d& In both cases, an accurate calibration

therefore, no wave plates are required. With the propagatioﬂf the LCM response is essential. In our experience we can
I . achieve the best accuracy when the calibration is performed
direction denoted and the second transverse direct{oar-

tical in Fig. 20 denotedy, the long axes of the liquid crystal W:Q.;Qr? Lﬁé\?ep_lfmt_%l? bIzSIdsZ(;he pulse shaper at exactly the
molecules in the two SLMs are aligneda#5° with respect position wi it wi used.

to thex axis. When a voltage is applied to a pixel in one of The p|erIat|pn of electronically addressable pha_s_e or
the SLMs, the liquid crystal molecules in that pixel are ro- phase-and-amplitude LC SLMs leads to one significant

tated towardz, resulting in a phase modulation for the com- limitation—namely, the SLM can only produce a staircase

ponent of light parallel to the liquid crystal axis in that SLM. 2{:2&0)(_';22“%” li\r/:rr;evx?iﬂa? tirgosé?u;pgcg?tlraﬁ)lr?nﬂl)edL;Tag;
For x-polarized light incident on a particular pixel of the ' d P

S should approximate a smooth function despite the fixed, fi-
dual SLM array, the output field is given by nite size of the individual modulator elements, limits the
_Ein A (1) A (2) temporal range over which pulse shaping can be successfully
Bou=7 | @XRjAS ) (x+y) TexpjA¢)(x—y) (338 4chieved. Essentially this is a sampling limitation: the spec-
) trum must vary sufficiently slowly that is adequately
J(A¢(1)+A¢(2))} OS(Ad’(l)_Ad’(Z)) sampled by the fixed modulator elements. For the case of
2 2 pulse position modulation, for example, we requji@p|
AD—AGD <1, wheredg is the phase change per pixel. From E2)2),
+jysin<—)“, 33y  then, we find| 7| < 1/26f (where 5f is the optical frequency
2 span corresponding to a single pixeThe effect of pixela-
whereE,, is the amplitude of the incident-polarized light tion for pulse s_haping in general has been analyzed in Ref.
and A and A¢®@ are the voltage dependent birefrin- 35- The result is
gences of the first and the second LCM array, respectively.
Using an output polarizer along the output phase and at- out(D)~| €n(D* 2 h(t—nsf 1) |sina7sft), (3.4
tenuation can be set independently by controllisgs(®) "
+A @ and ApP—A @), respectively. Note that each whereh(t) is the desired impulse response function as per
LCM array in the dual SLM can be calibrated by measuringEq. (2.1) and sincf) = sin()/t. This expression assumes neg-
its amplitude modulation response as a function of voltageligibly small interpixel gaps and a focused spot size at the
with the other LCM array held at constant voltage. masking plane much less than a LCM pixel, so that the tem-
Figure 21% shows four examples of pulse shaping usingporal window functiorg(t) in Eq. (2.10 is much wider than
the dual LC SLM array. The input pulses were 70 fs inthe sinc function in Eq(3.4). The result of pixelation is to
duration at 800 nm, and all the traces are intensity crossproduce an output pulse which is the convolution of the input
correlation measurements using unshaped reference pulsesise not only with the desired impulse response function

=E;,exp
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h(t), but also with a series of replica impulse response func- Applied Voltage
tions,h(t—nésf 1), occurring at time$=n4&f 1. The entire —G D Transparent
result is weighted by a temporal window function, —/ Electrode
sinc(w 8ft), which has its first zeros at= = 5f 1. If h(t) is il L/
nonzero only during a time intervél|<&f ~*, then the ac- = ,

- . . Window S Window
tual shaped pulse will closely approximate the desired -
shaped pulse, except for a few low amplitude replicas around
timest==nsf 1. On the other hand, ih(t) takes on a e
significant amplitude for times extending out fio~ 5 2, f
then a sort of temporal aliasing, in which the replica wave- Liquid Crystal \
forms blend into the main waveform centeredtato, will Layer Photoconductive BSO
occur. FIG. 22. Schematic diagram of an optically addressed liquid crystal light

It is worth mentioning that in actual experiments, the valve.
focused spot size at the masking plane if desired can be set

approximately equal to the pixel size. In this case the spectral s o . . S
filter function from Eq.(2.9) is a smoothed version of the reported:® The motivation for this work is to avoid pixela-

. . : . tion of the pulse shaping SLM.
spatial profile corresponding to the pixelated SLM. The cor A simplified schematic of the LC light valve is shown in

responding Ga_ussian time W"TdOW function sigr_1ificant|y re'Fig. 22. The light valve consists of two continuous transpar-
duces the_ rephcg pulse_s predicted by E3j4). This aII(_)ws ent electrodes and continuous layers of a twisted nematic
the experimentalist to give up some spectral resolu@® iq,iq crystal and of photoconductive B8O, (BSO).
timized by minimizing the focused spot sjzer the purpose  \yhen jlluminated with light in the blue green, the conduc-
of smooth|_ng of p!xelatlon effects and eI!mlnatlon of replica tivity of the BSO layer depends on the local illumination
pulses(by increasing the focused spot size level. When a voltage is applied between the two electrodes,

Due to the effects just discussed, LC SLMs with pixel 3 |ocal change in the BSO conductivity results in a change in
counts higher than the 128 used to date in pulse shapinge voltage drop across the LC layer. This leads to rotation of
would be desirable. We expect that this will be achieved inthe LC molecules and a phase change for light passing
future pulse shaping instruments in view of the following through the layer. The light valve is addressed by using a
considerations: display device, such a liquid crystal television which spa-

(1) LC devices with substantially higher pixel counts aretially modulates light from an arc lamp. Gray-level intensity
in widespread use in display applications, although the speshanges lead to gray-level phase shifts from the LC light
cific characteristics of these LC display devices are not usuvalve. Pixelation effects are avoided becaude:the light
ally directly suitable for pulse shaping. valve itself is a continuous device; artd) the spatial fre-

(2) LC SLMs with a much higher degree of sophistica- quency response of the light valye-10 line pairs per mm
tion than currently used for pulse shaping have been deveis not sufficient to resolve the small 4ém pixels from the
oped for beam forming and beam scanning in laser rfar. LC television. Therefore, the discontinuous pattern on the
For example, dedicated beam steering LC SLMs with 0Vepixellated display device is tr_ansformed into a c_ontinuous
40000 pixels, configured to achieve programmable lineapPatial response by the LC light valve. The liquid crystal
phase sweep@nodulo 2r) via the use of up to 512 indepen- layer of the light valve is placed at the focal plane of a

dent address lines, have been reported. These devices Shogr&ting-lens pulse s_,haper for _spectral phase_ filtering.
Control of the light valve is more complicated than for

be dlrectly_appllcable to.pulse shaping appl|cat|ons,_ Sl.nc?he electrically addressed SLMs discussed earlier, since the
beam forming and scanning operate based on the principles

of spatial Fourier optic hich are closelv analoaous to th interaction between nearby pixels of the input display device,
_sp_ ! un Pu S, Wi ) S€ely analogous he limited spatial frequency response of the light valve, and
principles of pulse shaping. A variety of sophisticated LCM

devi di di ¢ hich al ) the effect of illumination conditions make it difficult to com-
evices are discussed in Ref. 108, which also gives an exceli e the input image needed to achieve a specified phase
lent overview of relevant liquid crystal principles and tech-

pattern. To achieve a target phase pattern, an approximate
nology. . ~ (best guessinput picture was applied, and then spectral in-

It is also worth noting that programmable pulse shapingerferometry was used to measure the achieved spectral
using ferroelectric liquid crystalérather than the nematic phase profile. A feedback loop then increases or decreases
liquid crystal discussed earller has also been the local gray-level illumination intensity, depending
demonstrated® Ferroelectric liquid crystals offer approxi- whether the measured phase change at the corresponding
mately two orders of magnitude faster response tim&00  wavelength is higher or lower than the target value, until
ms) but are limited to binary phase modulation and generallyconvergence is achieved. Reference 98 demonstrated this
have significant insertion loss. method to induce arbitrary phase patterns, e.g., fourth order
phase targets, with a phase control accuracy-8%6. This
approach was also used to demonstrate compression of

Pulse shaping using an optically addressed LC SLMchirped pulses from a modelocked Ti:sapphire laser oscilla-
also known as a liquid crystal light valve, was recentlytor from 150 to 50 f& and spectral phase modulation at the

B. Pulse shaping using optically addressed LC SLMs
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ACOUSTO-OPTIC modified according to the grating spatial modulation func-
MODULATOR

tion. This results in the desired Fourier transform pulse shap-
ing operation.
GRATING AOMs are a relatively mature technology which have
been commercially available for many years. In the follow-
ing we briefly describe some of the typical operating charac-
teristics of AOMs used for pulse shaping. Further detail is
given in Refs. 80 and 113.

(1) The time for the acoustic wave to move across the
modulator aperturé, is 7,=1,/v,.. This aperture time de-
termines how quickly a new spatial pattern can be loaded
into the device. For TeDthe acoustic velocity isv,;

FIG. 23. Programmable pulse shaping apparatus based on the use of an%-2 MMjus. For the experiments reported in Refs. 112 and
AOM as the SLM. 80, the modulators had 5 mm and 4.3 cm apertures, respec-
tively. The corresponding aperture times are 1.2 angk40

input of a millijoule-class chirped pulse amplifi@@PA) sys-  Which means that the acoustic grating pattern can be updated
tem allowing improvement of amplified pulse quality as well ©n & microsecond time scale.
as generation of antisymmetric pulse doublets at the ampli- (2) The acoustic grating pattern, which propagates across
fier output!© the modulator, is not fixed. Although the grating does appear
In these experiments the LC light valve was able to pro{frozen during readout by a single femtosecond or picosecond
vide a maximum phase shift of 12 rad. Unlike the pixelatedPulse, the pattern can shift significantly during the time be-
LC modulators, where one can haver phase jumps be- tween pulses for typical modelocked laser sources. For ex-
tween adjacent pixels and, hence, program desired phagénple, for a modelocked laser with 100 MHz repetition rate,
functions modulo 2, for the nonpixelated light valves the grating in a Te® AOM travels by 42 um between
abrupt phase jumps are not possible. Therefore, the totflulses, which is larger than the acoustic wavelength for typi-
phase sweep is in fact limited to a maximum of 12 rad. Duecal drive frequencies of 100-200 MHz. Therefore, the AOM
to the limited spatial frequency response of the LC lighttechnique cannot in general be used for pulse shaping with
valve, the spectral resolution of the pulse shaper was 3 nrfigh repetition rate laser sources, since the pulse shape
(with the total optical bandwidth set t&50 nm), which is ~ would change from pulse to pulse. Note, however, that this is
significantly coarser than that obtained in experiments usingot a limitation for amplified ultrafast laser systems where
pixelated LC SLMs. For these reasons, the optically adihe pulse repetition rate is usually slower than the acoustic
dressed approach is better suited for correction of small reaperture time, since this allows the acoustic pattern to be
sidual phase in CPA systems than it is for generation ofefreshed before and synchronized to each amplifier pulse.
strongly modulated spectral phase profiles. On the othéror this reason AOM pulse shaping is usually restricted to
hand, liquid crystal light valves with significantly improved applications involving femtosecond amplifier systems.

GRATING

spatial frequency response have been repdtteayhich (3) The number of independent acoustic features which
could potentially be applied to improve spectral resolutioncan be placed within the full aperture of the AOM provides
for pulse shaping applications. an upper limit to the pulse shaping complexify{see Egs.

(2.12—-(2.13], which is the same as the number of spectral
features which can be placed onto the spectrum. The number
of independent pixels of resolution available is proportional
to Nesg~Avr,=Anl /vy, Where 7, is the acoustic aperture
Programmable pulse shaping based on the use of amme, Av is the modulation bandwidth of the AOM, and
acousto-optic modulatdAOM) as the SLM has been devel- Avr, is the AOM time-bandwidth product. For the large
oped by Warren and co-worket$!1?-1%4The apparatus is aperture [,=4.3cm) AOM used in Refs. 80 and 113, the
depicted in Fig. 23. The AOM crystal, typically TgOis  bandwidth is given asAv=90MHz, resulting inAvr,
driven by a radio-frequendyf) voltage signal, which is con- ~900. Therefore, an appropriate AOM should be able to
verted into a traveling acoustic wave by a piezoelectric transplace up to nearly a thousand independent features onto the
ducer. The acoustic wave travels across the modulator witepectrum, provided it is placed within an optical system with
velocity v ., leading to a refractive index grating through the sufficient resolution. However, making use of all this poten-
photoelastic effect. The grating periddis given byv /v, tial resolution depends on setting up the pulse shaping appa-
wherev is the rf drive frequency. The grating can be phaseratus for very high spectral resolution. To date the highest
amplitude, or frequency modulated through the use of a corexperimental resolution obtained via AOM pulse shaping ap-
respondingly modulated rf drive waveform; ideally the spa-pears to be on the order 100—150, which is achieved in ex-
tial gratings(x) would be related to the input voltaggt) periments where-75 fs input pulses are reshaped over a 10
through s(x) ~v(x/v,). In practice there are a number of ps window. This is comparable to what has been demon-
mechanisms which distort this ideal relationship, as disstrated in pulse shaping using LC SLMs.
cussed later. When the spatially dispersed optical frequency (4) From an implementation perspective, it is necessary
components diffract off the grating, the optical spectrum isto be able to generate the complicated rf voltage waveforms

IV. PROGRAMMABLE PULSE SHAPING USING
ACOUSTO-OPTIC MODULATORS
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FIG. 24. Dashed line: intensity cross-correlation trace of waveform gener- T y T — ]
ated using an AOM in a pulse shaper. The waveform consists of an initial 396 398 400 402

pulse followed by a series of delayed pulses with linear, quadratic, cubic,
and quartic spectral phase, respectively. Solid line: theoretical trace. wavE]E“gﬂl (“m)

needed to excite appropriately shaped acoustic waveforms. (B)
This can be accomplished using electronic arbitrary wave- 5
form generatofAWG) technology, which can produce com-
plicated voltage waveforms under computer control. The
most economical approach uses baseband AWGs, with band-
widths of perhaps of few tens of megahertz; the outputs from
the AWGs are converted to the acousto-optic center fre-
quency(typically a few hundred megaheytasing a simple

rf oscillator and rf mixers. In these schemes two baseband
AWGs may be needed, one for each quadrature of the final rf
signal. An alternative but more expensive approach uses a
single high-bandwidth AWG to produce the desired modu-
lated rf waveform directly. For further discussion, see Ref.
113. ; '

Figure 24° shows an example of a relatively complex 396 398 400 402
experimental waveform. In this case the femtosecond pulse WEWElEﬂgth (Ilﬂ‘l)

source was a modelocked laser oscillator with00 MHz

repetition rate, so a boxcar integrator running at 20 kHz wa$!G. 25. (Colon (A) Experimental andB) theoretical STRUT traces for
used in the measurement to select those pulses for which tiR&!se with a hyperbolic tangent frequency sweep.

acoustic waveform was properly phased. The waveform con-

sists of an initial pulse followed by a series of delayed pulses .

with linear, quadratic, cubic, and quartic spectral phase, re-  e(t)~sectipt)**#), (4.9
spectively. Excellent agreement between experimental and

theoretical cross-correlation traces was observed. A numbegfre shown in Fig. 25 Clearly both traces show a close

of other complex waveforms have been reported. These inesemblance. For a simple interpretation of the STRUT data,
clude pulses with cubic spectral phase up terd8 pulses  recall that the measurement provides information on the
with a combined 5@ cubic and 46 quintic spectral frequency-dependent delay(w). The instantaneous fre-
phase’*® and amplified pulses with hyperbolic secant ampli-quency shift as a function of time can be visualized approxi-
tude and hyperbolic tangent frequency swéépThe latter  mately by rotating the data by 90°, so that wavelength ap-
waveform has potential applications for optical adiabaticpears to plotted as a function of delay. In this orientation the
rapid passage experiments in atomic systems. data appear to take on the shape of hyperbolic tangent, which

A detailed time-frequency characterization of thejs consistent with the predicted frequency shift
frequency-swept hyperbolic secant pulse was perfotified

using the STRUY® technique described briefly in Sec. Il G. ao(1)
Note that for the amplified pulse experiments, the AOM may A w(t)=— —— = pu tanh(pt) (4.2)
also be programed to precompensate for residual spectral at
phase arising in the CPA system as well as any spectral

amplitude distortion that may arise in the acousto-optic pulsarising from the temporal phasg(t) in Eq. (4.1). Further
shaper systerf:!'* Experimental and theoretical STRUT data from these measurements, including the recovered spec-
traces for the frequency-swept pulse, with a target analyticaral phase information and its derivative which give®)

form given by can be seen in Ref. 114.

delay (ps)
=1
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It is useful to classify AOMs as operating in either the (2) The input beam must be incident on the AOM at the
Raman—Nath or Bragg regime. In the Raman—Nath regim8ragg angled,=N/2A =\v/2v .., were\ and A are the op-
the AOM may be described as a thin grating, whereas in théical and acoustic wavelengths,is the acoustic frequency,
Bragg regime the AOM is described as a thiglolume anduv 4. is the acoustic velocity. Since the incidence angle is
grating. Quantitatively the AOM may be classified using atherefore detuned from normal incidence, some optical fre-
parameteQ, defined by quencies will be focused before the AOM, others after the
> AOM. This effect becomes more important when either the
TAmbk .
= >, 4.3 acoustic center frequendfhence, the Bragg angler the
A AOM aperture is increased. A reasonable criterion is that all
whereL is the interaction lengtlithicknes$ in the grating, the optical frequencies should be focused within a Rayleigh
\., is the optical wavelength in the material, andis the  rangemwj/\, wherew is the Gaussian beam radius at the
acoustic wavelength. The dependence of AOM operatioOM. For a fixed aperture, there is a maximum acoustic
versusQ has been discussed in the context of pulse shapinffequency which satisfies this criterion. Since the modulation
in Refs. 80 and 113. Fap=<0.1, the AOM is in the Raman— bandwidth of an AOM is generally proportional to the center
Nath regime, which is characterized by a diffraction effi- frequency, this also limits the bandwidth and, hence, the
ciency which scales quadrically with acoustic amplitude andnaximum time-bandwidth product. For the 4.3 cm modula-
by the absence of any pronounced angular selectiwitjch tor used in Refs. 80 and 113, the maximum bandwidth is 300
can lead to multiple diffracted orders from the acousto-optioMHz, which is larger than the center frequency used in the
grating. For Q=4, the AOM operates in the Bragg re- experiments.
gime. In this regime the AOM has a strong angular selectiv-  (3) The horizontal displacement of the diffracted beam
ity, and only light incident near a certain angkde Bragg in the interaction region must be much less than the mini-
angle can be efficiently diffracted. The Raman—Nath regimemum acoustic feature size to avoid limiting spatial/spectral
gives the best spatighence, spectrakresolution due to the resolution. This condition is satisfied in the experiments in
thin interaction region; however, the diffraction efficiency is Refs. 80 and 113.
relatively low and even in the case of very strong acoustic The pulse shaping fidelity of an AOM pulse shaper is
waves is limited to a theoretical maximum of 30%ue to impacted both by acoustic attenuation and acoustic nonlin-
diffraction into multiple orders In the Bragg regime the earities. The intrinsic attenuation coefficient due to the ma-
diffraction efficiency can be very higttheoretically 100%  terial generally scales quadratically with acoustic frequency,
and the required acoustic amplitudes are reduced. Howeverhich results in a time and frequency dependent waveform
the thick interaction region degrades spafgdectral reso-  distortion(since position along the AOM aperture is propor-
lution and reduces the rf as well as the optical bandwithtional to time delay. Compensation for such a coupled time
According to Refs. 80 and 113, a value@%&4 appears to and frequency dependent distortion is challenging. On the
be a good compromise for pulse shaping applications. other hand, at relatively low drive frequencies, other attenu-
There are several factors which impact the fidelity andation mechanisms such as acoustic walkoff related to the
the pulse shaping resolution available with an AOM, andtransducer geometry may dominate. In such cases the attenu-
predicting the detailed effect of these factors in any giveration can be nearly frequency independent and can be cali-
situation is rather complicated. A detailed discussion is giverbrated simply; precompensation for the acoustic attenuation
in Refs. 80 and 113; we summarize the key points brieflyis then much easier to accomplish.
later. Acoustic nonlinearities can have a serious affect on
The pulse shaping resolution of an AOM is limited both pulse shaping fidelity. Acoustic nonlinearities are in general
by the minimum acoustic feature siadence, the time- frequency, intensity, and material dependent, and are particu-
bandwidth produgtand by the finite optical beam size. The larly strong in the Te@material used in most pulse shaping
beam size in turn is limited not only by the factors discussedexperiments. Such nonlinearities can lead to intensity depen-
in Sec. IIC, but additionally due to the finite interaction dent acoustic attenuation as well as acoustic intermodulation
length in an AOM operating in or near the Bragg regime.products. In Te@significant nonlinearities occur for rf pow-
There are three principal issues, as follows: ers well below those needed to reach full diffraction effi-
(1) The finite interaction thickness of the AOM imposes ciency. Even at diffraction efficiencies of 10%—15%, there
a minimum optical spot size such that the depth of focusare significant nonlinear effects. Therefore, nonlinearities
remains greater than or equal to the thickness. If the opticaknd to restrict AOMs used in pulse shapers to the low dif-
spot is further decreased, the depth of focus is also reducettaction efficiency regime and create complicated distortions
with the result that the average spot size within the interacfor which precompensation is nontrivial.
tion region actually increases! The minimum ratio of the One approach to improve pulse shaping fidelity without
average optical spot size to the minimum acoustic featur¢he need for a complicated theory-based precompensation
size can be shown to depend only on @earameter and the procedure is to use a feedback loop in which the drive ap-
refractive index. FoIQ=4 the minimum average optical plied to the AOM is modified in response to the experimental
spot size is approximately equal to the minimum acoustidata. This adaptive pulse shaping approach was described in
feature size, which means that the achievable pulse shapir®ec. Il D. Adaptive pulse shaping using an AOM as the SLM
resolution is somewhat reducéby less than a factor of)2 has been demonstrated in quantum control experiments with
compared to that implied by the time-bandwidth product. amplified laser systenis:”* This feedback approach is espe-
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cially important for AOM pulse shaping due to the waveform sponds to a different lens-grating separation, which is known
distortion effects discussed earlier. to give a different dispersidh[see Eq(2.19)].

The diffractive nature of the mask in AOM pulse shap-
ing also gives rise to new dispersive effects which are noV. LIQUID CRYSTAL ARRAYS AND AOMs: PULSE
present in pulse shaping using transmissive or reflectiveéAPING COMPARISON
masks or modulators. One effect is evident by referring to  |n this section we briefly summarize Secs. lll and IV by
Fig. 23: the path lengths for optical frequency components atomparing LC and AOM pulse shaping technology, which
the top part of the figure are clearly longer than those at thare the two programmable pulse shaping approaches which
bottom part of the figuré*? Such a frequency dependent path have been most widely investigated. General purpose pulse
length constitutes a dispersion, which to lowest order is @&haping using deformable mirrdbM) technologies are de-
quadratic spectral phase variation. This dispersion can bscribed in Sec. VI; however, at present there is significantly
compensated by changing one of the lens-grating separatiofesss experimental experience with these devices than with
or by using an external prism p&ircompressor. Note, how- LC or AOM pulse shaping. Therefore, DM pulse shaping is
ever, that either procedure will introduce some higher ordenot included in the comparison in this section. For the LC
(cubio dispersion, which becomes more important as thdechnology, we concentrate on the nematic liquid crystal
pulses get shorter. A second effect involves the variation ofechnology which has been used most extensively. We orga-
the Bragg angle and the diffraction angle with optical hize the discussion according to several important perfor-
frequency**® This effect should also become more importantmance indicators, listed below. It is important to emphasize
for shorter pulses and larger optical bandwidths. To date théhat both LC and AOM pulse shaping approaches each have
shortest pulses for which AOM pulse shaping has been rdheir own specialized advantages, and determination of the
ported are on the order of 50 .The effects described preferred choice for a specific experiment may involve a
earlier could conceivably preclude the extension of AOmnumber of trade offs depending on the most important re-
pulse shaping to shorter pulses. However, the short pulsguirements for that experiment.
limits of AOM pulse shaping have not yet been tested. (@) Pulsewidth The LC approach has been tested down

Although the traveling acoustic wave usually restricts!© 13 fS, and no obvious factors limiting the extension to
AOM pulse shaping to low repetition rate experiments Withshorter pulses have been identified. AOM shaping has been

amplified or pulse selected laser systems, one application fﬁIUd'e.d most exte.nswely on the 100 fs time scale, with one
which AOM pulse shaping can be performed in conjunctioneXpe”mem reporting pulses as short as 50 fs. There are sev-

with high repetition rate cw-modelocked lasers was recentlyr?nrg:;a(;tﬁoiisu;{V?éihmaljghe)s(ﬁgftfrd t3|sne12kz|m§uAﬁ'\£o?ﬁpéﬁzgh
reported’® In this application a linear phase sweep is im- b : 9 P

. : tion of these factors may be possible. Further experiments
posed onto the spectrum, which delays the optical pulse in . -

. . ..~ are needed to determine the short pulse limits for both LC
proportion to the amplitude of the phase sweep. This 'de%md AOM pulse shapers
was previously demonstrated using a LCM artay? In the (b) Reprogramming fimecor AOMs the reprogramming
AOM case, the linear phase sweep corresponds to a simp{ﬁn

hift in th lied rf drive f hich q e is determined by the acoustic aperture time, which is on
shitt in the applied rt drive frequency, which produces au,q orqer of microseconds. For nematic LC arrays, the repro-

pulse position modulation or tunable optical delay propor-g . mming time is determined by the liquid crystal material
tional to the rf frequency shift. Since the acoustic Waveformresponse, typically on the order of 10 ms.

is not spatially modulated, its motion across the aperture has (c) Pulse repetition rateOnce programmed, the LCMs
no effect (except for an overall optical phase shift which omain static, and therefore can handle pulse trains at virtu-
varies from pulse to pulseExperiments using 350 fs pulses )iy any repetition rate. The traveling wave nature of the
in the 1.55um lightwave communications band achieved apoMms generally limit these devices to pulse repetition rates
tunable optical delay of 0.34 ps/MHz. Tuning was demon-g|ower than the acoustic aperture time. Therefore, AOMs are
strated over a delay range of 30 ps, although the pulse integpplicable to amplified or pulse selected systems but gener-
sity decreased away from the center position. The delay tunglly not to cw modelocked systems.
ing range was approximately 15 ps to maintain an intensity  (d) Modulation format Both LC and AOM approaches
variation under 3 dB. The delay can be switched in only 3pffer the ability to perform independent, gray-level spectral
us, which is the acoustic aperture time of the AOM used ingmplitude and phase control.
these experiments. (e) Pulse shaping complexitiPulse shaping complexity
Reference 115 also demonstrates an interesting delay dgs usually defined as the number of independent features
pendent dispersion effect, which would appear to apply tavhich may be placed onto the spectrum, which is equivalent
pulse shaping generallgnot just to AOM pulse shaping to the number of independent features which may be synthe-
This effect arises when the diffraction gratings are not persized onto the output temporal wavefofisee Eq.(2.14)].
pendicular to the optical axis of the pulse shaping systemrFrom the perspective of modulator technology, in the LC
For a tilted grating, the distance between the grating and thease the pulse shaping complexity is limited by the number
pulse shaping lens depends on the transverse position alond pixels. Current LC arrays used for pulse shaping are 128
the grating. As discussed in Sec. Il C, a time delay in pulsepixel devices, although devices with larger pixel counts have
shaping also corresponds to a lateral shift in the outpubeen demonstrated for other applications. In the AOM case
beani? [see Eq.(2.14]. This lateral shift therefore corre- the complexity may approach the time-bandwidth product of
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the modulator, which can be of order 1000 with commer-
cially available devices. However, the pulse shaping com-
plexity is also limited by the optical system placed around
the modulator. Data representative of the highest complexity
waveforms published in the literature for LC and AOM pulse

shaping can be seen in Figs. 21 and 24, respectively. For Fic
21(d), the total time window and individual pulse durations

piezo-
actuator

For Fig. 24, the corresponding numbers a@ ps and 90 fs,
respectively, giving a ratio of roughly 100. Thus, at present
the highest published complexity is somewhat less than & _
factor of 2 higher for AOM vs LC pulse shapers. This com- - f > f
parison could change in the future either due to advances in '
LCM technologies or due to improvements in the opticalFIG. 26. Rapid scanning optical delay line based on dithering a mirror at the
systems surrounding AOM pulse shapers. focal plane of a folded pulse shaper.

(f) Efficiency LCMs are inherently high efficiency de-

vices, with transmissions approaching 100%. AOMs arée performed accurately enough to give very good pulse
typically limited to low diffraction efficiency by acoustic shaping results. For the AOM approach, if everything were
nonlinearities, which can be important even for diffractionjgeal, no calibration would be necessary, at least in the low
efficiencies on the order of 10—15%. In both cases there argiffraction efficiency limit, where the output field is directly
additional losses due to diffraction off the gratings, etc. proportiona| to the acoustic Complex amp'itl(dkence’ to the
(9) Pulse shaping fidelityExcellent pulse shaping fidel- yoltage waveform However, in practice a variety of factors,
ity has been achieved for both LC and AOM approachesyych as transducer impedance matching, acoustic attenuation
without the need for feedback control. For the LC case, th%nd non"nearitieS, among otherS, p|ay an important role and
pixelated nature of the modulator can lead to temporal sidemuyst be taken into account. Precompensating for these ef-
lobes for spectral patterns which vary too rapidly from onefects can be nontrivial.
pixel to the next. These sidelobes can be suppressed if the |n the case of adaptive pulse shapifigedback contro)
optical system is constructed to have a spectral resolutiothe control requirements are probably comparable for either
that results in a slight smoothing of the programed spectrabulse shaping technology, provided that target waveforms
pattern; however, this reduces the effective number of pixelgre consistent with limits imposed by the pulse shaping tech-
available for pulse shaping. For the AOM case, the pulsgiology and pulse shaping physics.
shaping fidelity can be impacted by acoustic attenuation and
acoustic nonlinearities; in general, both of these effects may
be difficult to precompensate. However, under appropriat&| pyLSE SHAPING USING MOVABLE AND
conditions very high quality waveforms with complexities on DEFORMABLE MIRRORS
the order of 100 have been demonstrated for AOM pulse
shapers, as stated earlier. For the LC and AOM data shom/%‘
in Figs. 21d) and 24, respectively, the data are in excellent ~ Several of the experimental examples discussed in pre-
agreement with the experimental target in both cases; imious sections involve simple forms of pure phase modula-
qualitative terms, the pulse shaping fidelity appears to béion. In particular, phase shifts which were linear, quadratic,
comparable for each of these data sets, at least in the estimand cubic with frequency were utilized, resulting, respec-
tion of this author. At present there is no standard definitiortively, in pulse position modulation, chirp compensation, and
of pulse shaping fidelity that can be used to characteriza complex pulse distortion. These simple types of pure spec-
pulse shaping fidelity quantitatively. tral phase modulation can also be produced using special
(h) Technology considerationshe AOM approach uses purpose reflective optics, which are moved or deformed in
standard AOM technology; this is a mature technology withorder to assume the specific shape needed to obtain the de-
devices available from many vendors. For the LC approactsired phase modulation. An advantage of such special pur-
modulator arrays have been available in appropriate formatgose movable/deformable mirrors is the ability to provide a
for approximately five years from a small number of vendorsprespecified type of phase modulation with very good preci-
(for mainstream applications such as displays, liquid crystasion; a disadvantage is that the arbitrary programmabiltiy
technology is much more highly developedhe AOM ap- available using SLMs is sacrificed.
proach uses rf electronics and a single serial transducer, We consider first the use of a movable mirror, which
while 256 separate wires and a bank of low frequency elecmakes possible a rapid scanning optical delay line. The pulse
tronics are used to control the 128-element amplitude andhaping arrangement, shown in Fig. 26, consists of a grating
phase LC arrays. placed in the focal plane of a lens and a planar mirror in the
(i) Ease of contral First we consider open loop control opposite focal plan&'® The mirror can be dithered about the
(the pulse shaper is not in a feedback Ipopor the LC  pivot point under the influence of a piezoactuator and return
approach, the phase and amplitude response must be cadprings(not shown. When the tilt angle of the mirror is zero,
brated. However, the calibration is not too difficult and canthe setup is simply a folded equivalent of a pulse shaper

. Moving mirrors
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without any spatial filters. When the mirror is tilted, a linear the phase remains fixed as the delay is scanned, provided that
spectral phase shift is obtained, and this results in advance tine mirror rotates about a pivot point at the ceriarrefer-
retardation of the output optical pulse. The result is similar toence optical wavelength. By translating the scanning mirror
the pulse position modulation achieved when a LC SLM orso the center wavelength is offset from the pivot point, one
AOM is used to impart a linear phase shift onto the spec<an select a nonzero phase scanning rate. This attribute, to-
trum. gether with the rapid scanning delay capability, have made
Heritageet al. have implemented a rapid scanning opti- the moving mirror pulse shaping approach the method of
cal delay line by rapidly dithering the mirror through a small choice for delay scanning in optical coherence tomography
angular deflection and have used this setup to obtain femtdOCT) for optical biopsieg!® The rapid scanning is required
second intensity correlation measurements at a 400 Hbecause OCT forms an image by performing sequential rapid
rate’'® This rate is much fast than possible using typicaldelay scans for a large number of independent pixels; there-
mechanical delay lines, in which the scan réted therefore fore, real-time imaging requires the individual delay scans
the data acquisition rakés limited to a few tens of hertz. For occur very quickly. The ability to independently control
the setup described in Ref. 116,11 ps temporal delay is phase and delay scan rates allows one to select the interfero-
achieved with an angular deflection of only-1.9  metric output frequency produced by the OCT apparatus to
X 10 *rad; this corresponds to a total travel of only.#h at ~ be compatible with high performance detection and data ac-
the edge of the mirror. In contrast, a standard linear actuatdiuisition electronics.
requires a displacement of 150m to achieve a same 1 ps We briefly compare this delay scanning approach, using
delay. This technique was later extended to provide 10 p& moving mirror(MM) in the pulse shaper, to the case of a
scans ha 2 kHz rate-l’ LC or AOM in the pulse shaper. One key difference is that
Heritageet al. have also demonstrated a modification ofthe moving mirror approach is a repetitive scan technique,
this geometry which allows scanning of 90 fs pulses over avhile the LC or AOM approaches have random access capa-
100 ps time windov$’ The ratio of the time window to the Dbility. The throughput of the MM approach is very high
pulse width gives a pulse shaping complexity exceeding (similar to LC, higher than AOM The speed of the MM
1000, which may be the largest pulse shaping complexity yedPproach is faster than for LC, and probably comparable to
demonstrated in Fourier transform pulse shaping. The temAOM (for the AOM approach the delay can be reset in mi-
poral waveforms produced in these time scanning expericroseconds; however many delay settings are needed to build
ments are of course quite simple; they are simply shifted!P a full scan. The demonstrated temporal window is much
versions of the original pulse. By “complexity,” however, | higher using a MM compared to the other approaches. On
have in mind the definition given in E¢2.14), namely the the other hand, the MM approach provides only a single
total time window divided by the shortest temporal feature functionality, while LC and AOM approaches allow general
or equivalently the spectral bandwidth divided by the nar-Purpose waveform control.
rowest spectral feature. By this measure the complexity is
high, since the output pulse can arrive at more than 100%
nonoverlapping temporal delays, and since in the frequency’
domain the linear phase sweep spans on the order ofA000 In the first report of a DM in pulse shaping, the mirror
The trick in Heritage's experiments is to retroreflect the out-was used to impart a cubic spectral phase modulafidhihe
put beam in Fig. 26 back through the reflective pulse shapesetup is similar to that in Fig. 26, except that the MM is
This doubles the time delay while eliminating the spatialreplaced by a DM. A cubic deflection is obtained by fixing
walkoff of the output beam. Recall that the spatial walkoff isthe position of a thin planar mirror at two symmetrically
proportional to time delay as per ER.14. With only a  placed support points and then applying equal and opposite
single pass through the pulse shaper, the time window iforces on the two ends of the mirror. The desired cubic de-
usually assumed to be limited to approximately that valudlection is the solution of the mechanical equations govern-
where the spatial walkoff equals the input spot §eee Sec. ing small angle flexure of a thin elastic plate. The cubic
I C). With double passing, this restriction is eliminated; thedeflection in space results in a cubic spectral phase modula-
time window is then determined by the spatial aperture of theion with a magnitude which can be adjusted by varying the
grating and lens, even for a relatively small input beam. Astrength of the applied forces. This third-order disperser has
similarly large time window could also be obtained in abeen applied to improve the quality of pulses from a high-
single pass geometry by expanding the input beam to fill thgpower femtosecond semiconductor laser via third-order chirp
grating; however, this is usually less convenient. Note thatompensatio?°
this double-pass concept will work for pulse position modu-  Recently pulse shaping has been demonstrated using a
lation using any modulator technologgmirrors, LCMs, DM phase modulator which is controlled using electrostatic
AOMs); however, it does not work for most other pulse rather than mechanical forc&.The device consists of a
shaping tasks. gold coated, silicon nitride membrane suspended over an ar-
Another useful feature is the ability to independentlyray of electrostatic actuators. The current device has a 26
control the scan rates for delay and ph&<eln contrast, mm wide active area controlled by 13 columns of 2 mm wide
when delay is varied simply by translating a mirror to changeactuators. The maximum deflection and the response time are
the physical path length, the phase varies hyf@r every  reported to be 4um (corresponds to 2@ at 800 nm wave-
optical cycle of delay. In the apparatus of Fig. 26, howeverjength and 1 ms, respectively. Due to the relatively small

Deformable mirrors (DM)

Downloaded 02 Sep 2009 to 128.220.81.42. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



1952 Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 A. M. Weiner

number of actuators, and the existence of a minimum radius 2
of curvature which can be induced on the membrane, this
device is mainly useful for providing smoothly varying
phase variations. Experiments have been performed with ¢ !
modelocked Ti:sapphire laser, where the DM pulse shapel
recompressed a 15 fs pulse, which had previously beer g :
stretched to 90 fs by dispersion in glass, back to approxi- -1 0 1 0 5
mately the bandwidth limit® and with an amplified Ti:sap- Delay (ps) Delay (ps)
phire system, where the output pulse width was improved
from 20 to 15 fs'?! The experiments also showed that longer
duration stretched pulsd220 f9 were incompletely com-
pressed due to the maximum deflection limits of the miffor. ~ |
Two strategies were used to control the DM. In the first the
DM phase response was calibrated using FROG measure
ments of pulses emerging from the pulse shaper, and thel o
desired phase functions were applied by using the previously -2
determined calibrations. In the second the DM is used in
adaptive pulse shaping modsee Sec. Il ), where a sto- FIG. 27. Electric field cross-correlation function obtained using a pulse
chastic learning algorithm is used to adjust the actuator seghaper and broadband incoherent light at 165 () Experimental andb)
tings in order to optimize an experimental observalele., theoret!cal correlat!on traces of unshape(_j liglad. _Experlmental andd) _
. . . . theoretical correlation traces of shaped light using a length 31 quadratic
second harmonic generation intengitin the latter case pre- residue spectral phase code.
cise knowledge of the DM phase response is not required. A
DM pulse shaper has also be used for preliminary demongowever, at least till now, these distributed pulse shaping
stration of a method? for compensating self-phase modula- gevices have not been easily reprogrammable.
tion in femtosecond CPAY3

'
N
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'
o

n

'
5]
[6)]

0
Delay (ps)
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B. “Pulse shaping” with incoherent light

Pulse shapers can also be used for phase filtering of
VII. FURTHER DIRECTIONS IN PULSE SHAPING broadband incoherent light. Initial experiments were per-
A. Integrated pulse shaping devices formed using visible light with a few nanometers

. . . . bandwidth?**3% subsequent experiments were performed
Integration of pulse shaping devices would be desirable . o
o . oo -_using a programmable pulse shaper and amplified spontane-

for applications such as optical communications where sizée . : . e k
. : ous emission from an erbium-doped fiber amplifier with sev-

and robustness are important. Considerable effort has been )
: o eral tens of nanometers bandwidth around the L&bcom-
directed toward developing integrated components to handlé

. . L - munications band®® Although the result of phase filtering of
multiple optical wavelengths for wavelength division multi- incoherent light is still incoherent light, nevertheless, the
plexed(WDM) optical communications networks. With suit- g gnt '

able modification such WDM components could also be use5>hase filtering operation does affect the electric field cross-

. . . : . . é;orrelation function between the light before and after the
in conjunction with femtosecond input pulses as integrate

pulse shaping devices. A very simple example of pulse shamese shaper. This can be measured by recording the inter-

. . : . . erence fringes from a Michelson interferometer with a pro-
ing using a device known as an integrated acousto-optic tun- . : . .
able filter was reported in Ref. 124. More advanced ex_grammable pulse shaper in one arm. With this approach it

amoles of bulse shapina were reported recently usin has been shown that the pulse shaper can manipulate the
p'e P ping - Tep _127 Y Yorrelation function much in the same way that a pulse
modified arrayed waveguide grating rout&s:12’ There is

also substantial effort in the WDM communications commu-Shaper can manipulate the output intensity profile for coher-

nity to implement multichannel equalizers to correct for theem input puises. An example of a shaped electric field cross-

wavelength dependent gain of erbium doped fiber amp"ﬁerscorrelatlon function using a pulse shaper and broadband in-

Highly sophisticated arrayed waveguide grating devices havcoherent light at 1.55um, together with the corresponding

recently been demonstrated for that purpBeAlthough theoretical trace, is shown in Fig. 2% Motivations for per-

. : farming this work include the possibility of using coherence
these devices have not been tested with femtosecond pulses, . . C . .

) o coding of inexpensive incoherent light sourdésstead of
the devices are beginning to closely resemble what would bé

needed for integrated pulse shaping applications. éxpensive femtosecond pulse soujdes certain classes of

. 4 . _
As an alternative to integrated pulse shapers, some el‘foﬁpncaI CDMA system$” and for addressing of frequency

; H ; 9,135,137
has also been directed at improving the packaging and reducmain optical memories:

ing the size of bulk optics pulse shapers. For example, se
Refs. 129 and 130. Several interesting examples of puls
shaping, such as generation of short pulse bursts or coded Most applications of pulse shaping make use of a one-
waveforms, have also been demonstrated using distributedimensional spatial mask to produce a single output beam
devices such as fiber Bragg grating reflectth$®2and ape-  corresponding to the desired temporal waveform. However,
riodically poled second harmonic generation crystals. by using cylindrical lenses instead of spherical lenses in the

. Pulse shaping using two-dimensional masks
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pulse shaper and by placing a two-dimensional mask at the We first discuss pure time-domain processing using an
Fourier plane, one can achieve multidimensional pulse shagxtension of pulse shaping called spectral holography, in
ing, where the output consists of a linear array of spatialvhich the pulse-shaping mask is replaced by a holographic
beams, with each corresponding to a different independenhaterial. Spectral holography was first proposed
temporal waveform. Such multidimensional pulse shapingheoreticall}*®in the Russian literature, and subsequent ex-
has been demonstrated in experiments using holograbhic periments demonstrating the principles of time-domain pro-
as well as conventiondf® fixed two-dimensional masks, as cessing via spectral holography were performed by Weiner
well as in preliminary experiments using programmable two-et al*°**°|n analogy with off-axis spatial holography, two
dimensional liquid crystal array4® Using a different ap- beams are incident: an unshaped femtosecond reference
proach based on volume holography, formation of two-pulse with a uniform spectrum, and a temporally shaped sig-
dimensional images, where each spot in the imageal waveform with information patterned onto the spectrum.
corresponds to a different temporal waveform, has also beemhe spectral components making up the reference and signal

demonstrated*:!42 pulses are spatially dispersed and interfere at the Fourier
plane. The resulting fringe pattern is stored by using a holo-
D. Direct space-to-time pulse shaping graphic medium which records a spectral hologram of the

. . incident pulses. Readout using a short unshaped test pulse
The concept of a direct space-to-tim@ST) pulse which passes through the pulse shaping apparatus results in

shaper geometry, in which the output waveform is a directly . ; ; L
. : reconstruction of real and time-reversed replicas of the origi-

scaled version of the pulse shaping mask, has also been den-, . . . i
C : nal signal waveform, in analogy with the real and virtual

onstrated. This is in contrast to the Fourier transform rela-

tionship between the mask and the temporal waveform in th|mages which are reconstructed in space-domain holography.

. . : Readout using a shaped test pulse results in output wave-
conventional pulse shaping approach we have discussed n : . .
orms which are correlations or convolutions of the test and

most of this article. Operation of a DST pulse shaper was . . . ;
. . : ignal pulses. These operations, especially correlation, can
first demonstrated for simple waveforms on a picosecon L : .
. . 143,144 e useful for matched filtering and compensation of disper-
time scale by Emplitet al.**>**"In our group we have re- . - . . . . .

ion or timing drifts. Time-domain processing using spectral

cently demonstrated femtosecond operation of a DST puls olography has been demonstrated using both thermoplastic
shaper and generation of complex optical data packe. lated#9-152 essentially a permanent recording medjtamd

detailed description of this pulse shaping geometry is give . . 152

in Ref. 145. The main motivation for pursuing the DST gylnamlc r?hotortefrgcl:twe quantum welBRQW$™ as the

shaper is for applications in high-speed information technol- olographic material. . . :
Holographic space-to-time conversion can be achieved

ogy, such as parallel electronic to serial optical conversio . : .
g9y b P placing a holographic mask at the Fourier plane of a pulse

and generation of ultrafast optical data packets. For thes Thi b hieved usi ith fixed i
applications nanosecond to subnanosecond reprogramir? aper. This can be achieved using either a fixed computer-
nerated hologratif or a dynamic optically addressed

times are desired. This should be possible by replacing th
I ! ! . poss! y repiacing ologram?”1531%%|n the case of an optically addressed ho-

fixed pulse shaping mask in Ref. 145 with an optoelectroni . : .
modulator array, such as a hybrid GaAs—Si complementar gram, the pulse shaping mask is a hologram corresponding
' 0 spatial images carried by the two input beams, which may

metal—oxide—semiconductor smart pixel affdyr an array b We h i ¢ d to-ti )
of asymmetric Fabry—Perot modulatdfé.Compared to the °€ CW- WE have recently performed space-to-ime conversion
xperiments using PRQWSs as the dynamic holographic

Fourier transform pulse shaper, the DST has two ke advarf } .
P P y I°” The temporal profile resulting when a spectrally

. . o materia

tages important for these particular applications, as follows. .. C
g P P PP dispersed femtosecond pulse is diffracted from the hologram
an be either a direct or Fourier-transformed version of an

(@) It avoids the need to perform a Fourier transform to
determine the masking function for each new packet, whiclf e . . .
input spatial image, depending whether a direct or Fourier

would be very difficult at high update rates, and . .
(b) Data packet generation using Fourier transform Shap'gransform hologram of the image is recorded. In the case of

ing typically requires that both spectral amplitude and phasﬁ?mmear recording conditions, additional pulse processing

be precisely controlled. Pulse sequence generation with nctions can b(_a reahzeq; for example, in the case of satu-
DST shaper requires only intensity modulation, which iSrated holographic recording, the temporal output waveform

compatible with existing optoelectronic modulator arrayc.an.corre%g?gsd toan edge-enhancgd version OT the input spa-
technologies. tial image?”>>Recently, s.pace-to—tlme conversion was also
demonstrated by performing four-wave mixifigaither than
holographic recordingat the Fourier plane of the pulse
shaper, using a cascaded second order nonlinear process in a
second harmonic generation crystal for the four-wave mixing
Pulse shaping can be extended to accomplish more sdnteraction:>®
phisticated pulse processing operations by including holo- Holographic and nonlinear Fourier pulse processing can
graphic or nonlinear materials in place of a mask or SLMalso be used for time-to-space conversion of femtosecond
within a Fourier transform pulse shaping apparatus. This repulses. One method for time-to-space mapping is based on
sults in holographic and nonlinear Fourier processing techrecording of a spectral hologram using time-domain signal
nigues which can be used for pure time-domain processingnd reference pulses, as earlier, and then reading out using a
as well as time-space conversions. monochromatic, cw laser. By passing the diffracted cw out-

E. Holographic and nonlinear Fourier pulse
processing and space-time conversions
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put beam through a Fourier transform lens, the original tem- 1
poral information is converted into spatial information. Dy-
namic PRQWsS?>” bulk holographic crystal®* and the
excitonic resonance in ZnSe crystafshave all been em-
ployed for time-to-space conversion experiments. However,
none of these materials are suitable for use in communication -
applications which typically require Gb/s frame rates. A re- time (ps)
lated time-to-space conversion scheme relies on second har-
monic generation'SHG) using a nonlinear optical crystal
within a pulse shapér®!°This scheme provides the fast
response associated with the SHG nonlinearity, the possibil-
ity of operation at convenient wavelengths and temperatures,
and the potential for high efficiencghearly 60% harmonic % -10 0 10 20
conversion has been demonstrated using a modelocked oscil- 1

lator source and a careful choice of nonlinear crystat®!

intensity (a.u)
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VIIl. APPLICATIONS OF PULSE SHAPING
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We conclude this review article by discussing some of A
the applications of femtosecond pulse shaping. Both experi- .50 -10 0 10 20
ments using fixed pulse shapers and programmable pulse time (ps)
shapers are included. A'thm,‘gh this survey of gppllcatlops I‘?—IG. 28. Cross-correlation data obtained using ultrashort pulses auin55
not intended to be exhaustive, nevertheless it should illusang a pair of fiber-pigtailed pulse shape@. Pulse which is not codedb)

trate the breadth of areas in which pulse shaping technologulse which is coded and then correctly decoderPulse which is coded
is making an impact. but then incorrectly decoded. Note the strong intensity contrast between
correctly and incorrectly decoded pulses.

A. Fiber optics and photonics

1. Nonlinear optics in fibers and decoding, dispersion compensated transmission of en-

In it roninear guided wave opics e shaping 2020 PUSES over Klometer g of fber, a onines
has been used to obtain femtosecond square pulses for a p 9 9 Y

optical switching experiments with a fiber nonlinear coupler,corremly decoded pulses. Detailed discussion of our femto-

where square pulses gave improved switching characteristicssecOnd CDMA experimental results is given in Ref. 41. Ex-

Pt i ts on ultrashort pulse CDMA have recently been
compared to normalunshapeg pulses by avoiding averag- perimen . ) .
ing (I)Dver the pulse intensitF))/ prr())fifé.Spgcially shgped angd reported by industrial laboratories as Wéil:**2Pulse shap-

phase modulated femtosecond “dark pulses” were also use?ciear:fgs g:g: di)nn 'glﬁg:tzntecrt? !:i ;2] 0|ti‘:%fear‘é‘?6%trlcsle(gt?;\|ﬂA
for the first clear demonstration of fundamental dark solitonphasé34 encoding of Ibroadgand incor?erent light pSimiIarIy
propagation in optical fibefSand for subsequent dark soli- spectral encoding of broadband incoherent light can be used

ton experiments performed on a picosecond time scak. for addressing of frequency domain optical memories based
brief report of an experiment where pulse shaping was used 9 q Y Pl
n spectral hole burning materials or volume

to generate phase modulated input pulses for experimenﬁs

09,135,137 ; ;
demonstaing perodic evobon and rfocusing of phasd 09" Al P apng leiniues e
modulated higher order bright solitons has also been or app . 9 9 o b

published?6? wavelength optical sighals in WDM communications. Ex-

amples include construction of WDM cross-connect switches
with flat-topped frequency resporie and multichannel
WDM gain equalizers°

Pulse shaping has been used extensively for studies of
ultrashort pulse CDMA communications based on spectral
phase encodingsee Fig. 6 and decoding, where different S NOVel short pulse sources
users share a common fiber-optic medium based on the use Generation of multiple streams of modelocked pulses
of different spectral codes. The CDMA receiver recognizessynchronized at multiple different wavelengths has been
the desired data in the presence of multi-access interferencemonstrated by introducing a pulse shaper into an external
on the basis of the strong intensity contrast between correctlgavity modelocked semiconductor diode 1a¥&8fThe experi-
and incorrectly decoded ultrashort pulseee Fig. 28*"  mental setup is sketched in Fig. 29. The grating, lens, mirror,
Femtosecond encoding and decoding were first demonstrateashd spatial filter combination constitute a folded pulse
using fixed phase masks in the late 1980and a theoretical shaper, in which the patterned spatial filter selects which
analysis of femtosecond CDMA was reported shortlyspectral components are reflected back into the gain device.
thereaftef’® Taking advantage of advances in fiber optic Thus, the oscillating wavelengths are controlled via the se-
technology in the early 1990s, at Purdue we have now conlected passbhands of the pulse shaper which acts as an intra-
structed a femtosecond CDMA testbed, including encodingavity spectral filter, while synchronization occurs via non-

2. Optical communication systems
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4. Dispersion compensation

Dispersion compensation for fiber communications was
discussed in Sec. Il A. Briefly, a programmable pulse shaper
was used as a spectral phase equalizer in conjunction with
dispersion compensated fiber links, resulting in distortion-
free transmission of 400 fs pulses over 10 km of fitfe’
This approach may be important for ultrashort pulse CDMA
and several hundred Gb/s TDM communications, both of

FIG. 29. Schematic layout of a multiwavelength modelocked diode laser | . L. . . .
with an intracavity pulse shaper. At 1997 IEEE. which are sensitive to higher order phase dispersion.

5. Space-time conversions
linear interactions between different wavelengths within the Space-time conversions, outlined briefly in Secs. VIID

diode amplifier chip. Representative wavelength tuningang viiE, may be important for generation, demultiplexing,
curves are shown in F|g 30 for SpeCtral filters deSIgned t%nd processing of very h|gh rate optica' data sequences.

select four wavelengths. Figure (3 shows a four wave- gpace-time conversion and its applications are discussed fur-
length spectrum with a fixed-1 nm spectral separation, ther in Refs. 25, 145, and 1609.

where the center wavelength is tuned ovet8 nm in a
region centered around 830 nm. Figure_{lﬁ()shows another _B. Biomedical applications

example where the center wavelength is held constant, while

the channel spacing is tuned from 0.8 to 2.1 nm. Time- We have already mentioneBec. VIA that a pulse
domain measurements show that the pulses on each indthaping approach, based on a moving mirror at the Fourier
vidual wavelength channel are 12 ps in duration with a 2.5°1ane, has become the method of choice for rapid time delay
GHz repetition frequency. Frequency-resolved optical gatingcanning in OCT biomedical imagirig™***Pulse shaping is
measurements of these multiwavelength pulse trains hav&s0 being investigated for applications in multiphoton con-
also been reported, which have been interpreted as evidenfgeal microscopy.”Here the goal is to tailor the pulse shape
of optical phase correlations between the different oscillating® maximize the efficiency of the nonlinear process, which is
wavelengthg? Such sources may be important in novel hy-mportantin order to generate a bnght image while minimiz-
brid WDM-time-division multiplexed(TDM) communica- N9 _the exposure of sensitive biological samples to laser ra-
tions and photonic processing schemes, and possibly can s#ation.

extended to generate spectrally tailored ultrafast pulse se-

guences directly from modelocked lasers. In contrast to puls€. Phase control in femtosecond amplifiers

shaping and spectral tailoring outside a laser, in this intrac-
avity pulse shaping work all the available energy is pre-
served but caused to appear at the selected wavelengths.

Precise and complete chirp compensation is one of the
key issues in optimizing pulse quality in femtosecond CPA
systemg243 Spectral phase control is important both in ob-
taining the minimum pulse width and in suppressing wings
and sidelobes in the compressed pulse, since pulses with ex-
(a) m tremely high on-off contrast are needed for most high inten-
m sity applications. Pulse shaping is increasingly being consid-
i MM ered for such phase control. In one early example, third e_md
L M fourth order spectral phase were both compensated by adjust-
L ing a custom air-spaced doublet lens placed with a pulse
“M shapert’* resulting in dramatically decreased temporal
m wings. More recently, a number of groups are using pro-
grammable pulse shapers for such spectral phase compensa-

Wavelength (3nm/div)

tion in femtosecond amplifiefS:’*114121Results have been
published for several different programmable pulse shaping
M . N n s technologies, and experiments on amplified pulses as short as
NN A ~15 fs have been reportéd!
AhA A It should be noted that phase compensation of CPA sys-
v b g tems is possible down to at least the sub-30- fs regime with-
out the use of programmable techniques such as pulse
% shaping?® although this requires considerable care. Pulse
EAAK shaping is being applied for two reasons. The first is to
achieve phase compensation, and hence, shorter, higher qual-
Wavelength (1.5nm/div) ity pulses, at durations beyond the experimental state of the

FIG. 30. Wavelength tuning curves for modelocked diode laser with intra—art' The second is S|mply to be able to use a CPA system

cavity pulse shapefa) Tuning over 18 nm with wavelength separation held Which has been ConStrUC_ted without Compl_etely optimizing
constant(b) Control of the wavelength channel spacing. At 1997 IEEE.  the spectral phase, and still be able to make it perform at near
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t gating’ with and without phase correction are shown in
‘ Figs. 31a) and 31b), respectively. For interpreting these
traces, the main point is that a bandwidth-limited pulse is
expected to have a simple elliptical SHG—-FROG trace, with
major and minor axes pointing along the wavelength and
time axes. A simple linear chirp leads to an increase in the
area of this ellipse, without changing its orientation. More
complex structure is indicative of higher-order phase varia-
tions. Thus, the irregular uncorrected FROG trace in Fig.
(@ wavelength (b) wavelength 31(a) shows signs of a complex spectral phase, which ap-
FIG. 31. (a) FROG trace of original, phase distorted amplified pulgbs. pears to be alm_os_t compIeFer e.“mmat.ed n the. phase-
FROG trace of optimized pulse after phase correction by programmablé:orreCted plot. This is also evident in the time domain inten-
pulse shaper. sity and phase profile@ig. 32 retrieved from the FROG
data. The intensity profile is significantly smoother and

shorter after phase correction, and the temporal phase profile

the bandwidth I|_m|t. In Fhe latter case, the advantag_e IS that Lter the correction is almost flat in the region where there is
gives the experimentalist more options for accomplishing th%ignificant intensity

phase correction.

Data from an experiment where a pulse shaper with a
phase-only LCM is placed after a CPA are plotted in Figs. 31D. Bandpass filtering
and 327! The pulses are centered at 800 nm with a band-

it of -8 1, anc he pule cnery e th e shapeg Y5 STV APl bees  puse soper wih an
is 200 J at a 1 kHz repetition rate. The duration of the ) P P

amplified pulses without correction by the pulse shaper Wagandpass optical filter. This technique has been used by sev-

195 fs, roughly a factor of 2 above the bandwidth limit. By eral groups to generatg tgnable, t_)andW|dth .I|m|ted pulses
] . . rom a femtosecond white-light continuum, which have been
using the pulse shaper for phase correction, which was aé-

) . . : applied, for example, for time-resolved spectroscopy of
justed via adaptive feedback under control of an evolutionar . 2173 2 S .
, emiconductoré?!”3and nanocrystat§* and high intensity
algorithm, the pulses were compressed to 103 fs, close to the . . . :
udies of atomic gasé& In some experiments a pair of

bandwidth limit. FROG traces of the pulses based on SHG : .
pulse shapers is used to carve synchronized pulses from a

white-light continuum at different independently tunable
wavelengths® Such bandpass filtering can also be used in
conjunction with coherent modelocked lasers, leading to
pulsewidth control in the time domain, which was used for
example to measure the pulsewidth dependence of two pho-
ton absorption in nonlinear waveguide photodete¢f8nd

for studies of polariton scattering in semiconductor
microcavitiest’”

time
time

E. Control of quantum dynamics and nonlinear optics

temporal intensity I(t)

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

In one of the earliest femtosecond coherent control ex-
periments, terahertz rate trains of femtosecond pulses were
used to achieve selective amplification of optical phonons
via multiple pulse impulsive stimulated Raman scattering

(ISR9.%51178 The input pulse trains were generated by
T T T T T I T T T T ’ T T I T . . . .
400 -300 -200 -100° O 100 200 300 400 phase-only filtering in a pulse shagérThese ISRS experi-
ments were sensitive only to the optical intensity profile
(hence, the pulse timingout not to optical phase. Related
FIG. 32. Retrieved time-domain intensitypper plo} and phasellower experlments were later extended_for p_hase-s_ensmve manipu-
plot) profiles of amplified pulses for originalopen circles and phase- lation of coherent charge oscillations in semiconductor mul-
corrected(full circles) amplified pulses. tiple quantum wel|$2:53

temporal phase @(t) [rad]

time [fs]
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Another simple example involves multidimensional pulse sequences were used to excite photoconductive anten-
spectroscopic studies using two and three pulse sequenceas, resulting in the ability to manipulate the emitted THz
with specified phase relationships and interpulse delays tradiation wavefornt®® This technique has also resulted in
excite specified coherent states in an atomic vapofhis  enhancements of the emitted peak THz power spectral den-
leads to control of the fluorescent yield as a function of thesity due to avoidance of saturation mechanisms through mul-
delays and phases, which were varied using a dual LCMiple pulse excitation®194
array in the pulse shaper. The variations in the fluorescence
yield may be understood as arising from different degrees of. Laser-electron beam interactions
overlap of the optical power spectrum, which is relatively
highly structured and which depends on the pulse timing%ha
and phases, with the atomic absorption spectrum. A revie
of the application of such pulse sequences to multidimen
sional spectroscopy and optical control is given in Ref. 105
Note that similar experiments using two-pulse sequences ¢

be performed conveniently by using a stablI§$O|nterferom-quence' one could in principle drive plasma oscillations to
eter to generate the phase-locked pulse PairS™ Phase- larger amplitudes than possible with a single pulse of the
locked three pulse sequences are more complex to generatg o otal energh?>1% By using a pulse sequence, one

via interferometers; at this level of complexity, pulse shaping.q g compensate for the change is plasma frequency arising

is the best choice. when the plasma enters the large amplitude, nonlinear re-

More generally, one often desires more complicated ulgime in addition to avoiding various laser-plasma instabili-

trafast waveforms to generate wave packets and wave funges through the use of lower peak intensities. The use of

tions that could not be obtained otherwise. In the weak field, e shaping to seed other desirable plasma instabilities has
case, Wilson's group for example calculated “globally opti- 5156 heen proposéd’ Further possibilities, such as using
mum.\_/veak light fields” giving the best pos;ible overlap.with pulse shapinga) to generate energetically and temporally
specified molecular dynamics ogtcon’ré%‘.l Cases studied  moqulated electron beams to enhance the generation of short
include a “molecular cannon,” in which an outgoing con- yayelength radiation in free electron lasdfsor (b) to
tinuum wave packet i, is focused in both space and mo- yqify the spectra produced under the influence of nonlinear

mentum, and a “reflectron,” resulting in focusing of an in- poppler shifts in relativistic Compton backscatterfig,
coming bound wave packet ih,, among others. In the payve also been discussed.

strong field regime, theory suggests a number of exciting
possibilities for coherent control through shaped pulses op ckNOWLEDGMENTS
pulse sequences, including breaking strong bonds and ma-
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