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Abstract—We report pulse shaping experiments in the 20-fs
range using a 512-element phase-only liquid crystal modulator
array. The results demonstrate the potential for significantly im-
proved spectral resolution compared to 128-element liquid crystal
modulators previously used for pulse shaping. Furthermore, we
show that subtle nonlinear spatial dispersion has a profound effect
on replica pulses arising due to the pixellated nature of a liquid
crystal modulator and may dramatically reduce their (already
low) peak intensity.

Index Terms—Liquid crystal devices, optical pulse shaping.

I. INTRODUCTION

PULSE SHAPING techniques using programmable spatial
light modulators (SLMs) have become a powerful tool

for ultrafast scientific studies as well as in applications such
as optical communications [1], [2]. The performance parame-
ters of the optical modulator, including the space-bandwidth
product, speed, and insertion loss, can have a significant impact
on the capability of the pulse shaper. Furthermore, there is
now increasing activity in applying pulse shaping to pulses
in the few tens of femtoseconds range and below. For now,
the most popular SLMs for programmable pulse shaping are
liquid crystal modulators (LCMs) [3], [4], acoustooptic (AO)
modulators [5], and deformable mirrors [6], [7]. AO devices
have offered the highest space-bandwidth products, but their
diffraction efficiency [5] is generally low and they are only
generally applicable with amplified (not high repetition rate)
systems. Furthermore, their use has not yet been demonstrated
in the sub-50 fs regime. Deformable mirrors have been used
successfully to trim out small amounts of dispersion in the
sub-20 fs range [7] and also for selective enhancement of high
harmonic generation [8], but their applications are limited by
their relatively small effective pixel count. LCMs are currently
the most widely used SLMs in femtosecond pulse shapers.
Their use for shaping of sub-15 fs pulses has already been
demonstrated [9]–[11]. However, previous devices were limited
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Fig. 1. Layout of the pulse shaper.

to 128 pixels, which puts constraints on the spectral resolution
and the temporal window that could be realized by the pulse
shapers. Here we report experiments, performed in the 20-fs
regime, which for the first time demonstrate pulse shaping
using a 512-element phase-only LCM. A preliminary report of
this work was given in [12] after the period. The number of
features that can be programmed onto the spectrum in our ex-
periments is now comparable to that reported in pulse shaping
using AO modulators. Our results show the potential of using
such devices for high-accuracy pulse shaping with significantly
improved spectral resolution and temporal window.

In addition to basic pulse-shaping studies, we also charac-
terized the low-intensity replica pulses [3], which are known
to occur due to the pixellated nature of an LCM pulse shaper.
Our investigation shows that a subtle nonlinear spatial disper-
sion has a profound effect on the character of the replica pulses
and may dramatically reduce their (already low) peak intensity.
This modification of the form of the replica pulses, which has
not previously been reported, is especially significant due to the
wide optical bandwidth and the large number of LCM pixels.

The remainder of this paper is structured as follows. The ex-
perimental setup is discussed in Section II. Section III shows
the results of some typical pulse-shaping experiments. The phe-
nomena of temporal window and replica pulses in our pulse-
shaping experiments are studied in Section IV. Section V is the
conclusion.

II. EXPERIMENTAL SETUP

As shown in Fig. 1, in our pulse shaper, we used two 600-
grooves/mm diffraction gratings and two 300-mm radius spher-
ical mirrors. Two zero-order half-wave plates are used to adjust
the state of polarization between the gratings and the LCM. The
incident angle onto the grating was approximately 28, and the
diffracted beam at the center wavelength was nearly normal to
the grating surface.

1077–260X/01$10.00 © 2001 IEEE
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Fig. 2. Optical frequency versus pixel# relationship. Solid curve: measured
results. Dotted line: linear approximation.

The LCM is based on an advanced liquid crystal modulator
array technology that was previously developed for beam
steering in laser radar applications [13]. We used a phase-only
modulator array with 512 modulator elements. E46 liquid
crystal was used in this modulator, and the molecules were
aligned parallel to the electrodes. The center-to-center spacing
of adjacent pixels was 25m for a total spatial aperture of
12.8 mm. The LCM was controlled by a custom interface card
in a laboratory computer, which could be programmed using
Matlab or C++. The reprogramming time of the LCM was
about 90 ms, which we will demonstrate later.

In our pulse-shaper setup, the average frequency difference
between adjacent pixels was 130 GHz, and the pixels of

the LCM covered the spectrum from 722.5 to 872.5 nm. The
input beam diameter was 6 mm, and the calculated diffraction
limit for the diameter of the focused beam at the mask plane
was 22 m, which was less than the size of a single LCM pixel.
This is a necessary condition in order to effectively utilize the
full number of LCM pixels.

Our experiments used20 fs pulses generated from a mode-
locked Ti : sapphire laser from KML Labs. The full-width at
half-maximum (FWHM) of the laser spectrum was 60 nm. The
laser spectrum was cut off by the LCM aperture at 722.5 and
872.5 nm. The power at 722.5 nm was 3.6% of the peak value,
and that at 872.5 nm was 3.0% of the peak value. Shaped pulses
were measured by intensity cross-correlation using unshaped
pulses split off from the laser as a reference. Because of the large
bandwidth, the mapping between the linearly spaced pixels on
the LCM and the actual optical frequency was not strictly linear
[14]. To obtain high-quality pulse-shaping results while making
use of the increased pixel count in our LCM array, it was essen-
tial to take into account and compensate this effect. This was
achieved by using a detailed mapping procedure to correctly cal-
ibrate the pixel number versus optical frequency relationship,
which was then used in programming the LCM [14]. The map-
ping is shown in Fig. 2. The solid curve is the measured data
and the dotted line is the linear fit. The importance of this non-
linear mapping will be demonstrated later. Because of the large
bandwidth, it was also important to store different phase versus

voltage calibration curves for different pixels corresponding to
different wavelengths, since the phase versus voltage relation-
ship changes with frequency. To this end, we calibrated the de-
vice at four wavelengths (543, 633, 850, and 1064 nm). We then
calculated the calibration curves at other wavelengths using an
equation for the birefringence versus wavelength dependence of
the E46 liquid crystal

(1)

where nm and nm were
obtained by fitting (1) to the calibration data. This equation was
acquired based on a phenomenological theory applied by Wu
[15]. The distance between the gratings in the pulse shaper was
adjusted so that when there was no voltage on the LCM, the
cross-correlation trace had the same width as the autocorrelation
trace of the input laser pulse. The above calibration procedure
ensured the accuracy of the spectral phase function we added
onto the LCM in the experiments.

III. PULSE-SHAPING EXPERIMENTAL RESULTS

We present a number of pulse-shaping results with either bi-
nary or gray-level phase modulations applied to the LCM. When
applying a binary function to the LCM, each pixel is set for
either 0 phase (symbol “0”) or phase (symbol “1”). The set
of phases applied to the LCM pixels was determined by sam-
pling the desired frequency-domain phase function at the op-
tical frequencies corresponding to the center positions of the in-
dividual pixels, using the measured pixel number versus optical
frequency mapping.

In Fig. 3(a) and (b), we applied a linear spectral phase modu-
lation with a total phase shift of 256across the array (average
of /2 phase shift per pixel) to shift the pulse in the time domain
by 1/4 ( 1.9 ps) according to the relation

(2)

where is the spectral phase. In Fig. 3(a), the nonlinear
mapping of frequency versus pixel # (Fig. 2) was used to gen-
erate the phase array, which results in a clean shift of the pulse
away from zero delay without distortion, as desired. In Fig. 3(b),
a linear mapping was used. As a result, the phase function was
linear with respect to pixel#. Due to the nonlinear frequency
versus pixel# relationship, the slope of the actual spectral phase
function varies within the spectrum, leading to15% different
delays for different parts of the spectrum. This results in a dis-
torted pulse broadened substantially to300 fs, with a corre-
sponding reduction in peak intensity (notice different intensity
scales in the plots). These data clearly demonstrate the impor-
tance of accounting for the nonlinear spectral dispersion.

As another example, in Fig. 3(c) and (d) we applied a peri-
odic 0– –0– spectral phase modulation, with two LCM pixels
per symbol on the average. This is expected to split the input
pulse into a pair of pulses displaced by1/4 about the time
origin, with the same pulse durations as the input. This is indeed
observed in Fig. 3(c), where the measured nonlinear spectral
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Fig. 3. (a) Cross-correlation trace of linear phase modulation (total 256� phase shift over LCM), using the nonlinear mapping of optical frequency versus pixel#.
(b) The same modulation as in (a), but assuming a linear mapping. (c) Cross-correlation traces of periodic 0–�–0–� modulation when the spectrum was divided
into 256 bins (i.e., 00��00��, etc.), using the nonlinear mapping. (d) The same modulation as in (b), but assuming a linear mapping.

dispersion curve was used. In Fig. 3(d), however, where a linear
spectral dispersion was assumed, the results are very different.
The input pulse is still split into a doublet, with about the same
time delays as in Fig. 3(c). But both pulses are distorted and
broadened to 300 fs. The reason is similar to that discussed for
Fig. 3(a) and (b). Although the spectral phase varies from zero to

every two pixels exactly, the frequency span corresponding to
two pixels varies throughout the spectrum, once again leading to
different delays for different parts of the spectrum. We note that
the feature observed at may be attributed to a slight am-
plitude error in applying the phase. This peak becomes more
pronounced in Fig. 3(d) due to the reduced intensity of the main
pulses at 1.9 ps.

Fig. 4 shows the results of periodic 0––0– spectral phase
modulations. In Fig. 4(a), each “bit” (0 or) corresponds to four
pixels on the average, while in Fig. 4(b) every “bit” covered two
pixels and in Fig. 4(c) one pixel on the average. In all of these
data, the measured frequency versus pixel number curve was
used. As in Fig. 3, two pulses were generated under this kind
of modulation. They were distributed symmetrically about zero
delay, and the distance between them was inversely proportional
to the period of modulation function. Thus in Fig. 4(a), the LCM
works like a 128-pixel LCM. In comparison, in Fig. 4(c), where
the full capability of the 512-element LCM is utilized, the output
pulses are spread by a factor of four more. This illustrates a key

benefit of the four-fold increase in pixel count: pulse shaping
can access a four times larger time window for a fixed optical
bandwidth.

Fig. 5 shows the results when we used periodic M-sequence
phase modulations. M-sequences are pseudonoise digital se-
quences that are useful in communications [16]. The length-7
M-sequence we used is (0 0 10 1 1 1); the length-15 M-sequence
is (0 0 0 1 0 0 1 1 0 1 0 1 1 1 1). Inprogramming the LCM, we
applied 0 phase for an M-sequence value of zero andphase
for an M-sequence value of one. Previous work has shown that
applying a periodic repetition of an M-sequence to the spectral
phase leads to a train of femtosecond pulses under a smooth
envelope, with the number of pulses in the train roughly equal
to the length of the M-sequence code and with the central pulse
suppressed [1], [17]. We can see several such pulse trains in
Fig. 5. In Fig. 5(a) and (d), one LCM pixel is assigned to each
M-sequence bit. In Fig. 5(b) and (e) and in Fig. 5(c) and (f),
two and four LCM pixels are assigned to each M-sequence bit,
respectively, which means that these cases emulate 256-pixel
and 128-pixel LCMs, respectively. As we can see, when the
number of pixels per M-sequence bit increases, the intervals
between the pulses become smaller, and also the time window
becomes narrower. Therefore, the results using all 512 pixels
[Fig. 5(a) and (d)] show an improved time window compared to
the case where only 128 independent pixels are used [Fig. 5(c)
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Fig. 4. Periodic 0–�–0–� modulation: (a) four pixels per digit, total 128 bins,
(b) two pixels per digit, total 256 bins, and (c) one pixel per digit, total 512 bins.

and (f)]. However, the rolloff in Fig. 5(a) and (d) appeared to be
somewhat faster than we expected, which we will discuss in a
later section.

We also report some preliminary work on adaptive pulse
shaping [10]. Because our LCM electronics are faster than the
commercial LCM electronics used in [10] and other works
(where a 500 ms update time was quoted), this can potentially
speed the time to convergence for an adaptive pulse-shaping
system. In our work, we first distorted the pulse by moving one
of the pulse-shaper diffraction gratings away from the zero-dis-
persion point. The cross-correlation trace was broadened to
give a width of 122 fs FWHM. We used the second harmonic
(SH) power from a KDP crystal as the figure of merit of the
shaped pulse. The computer that controlled the LCM detected
the SH signal as a feedback parameter and adaptively adjusted
the voltage array on the LCM to achieve the best SH power.

To keep the loop time fast, we used a very simple algorithm.
The 512 pixels of the LCM were divided into 16 sections, each
consisting of 32 pixels. The voltage array was assumed linear
within each section. That was, we used 16 sections of lines to
form an approximate curve. There were a total of 17 indepen-
dent parameters. These were randomly changed each iteration,
and only changes that improved the figure of merit (average SH

power) were kept. The amount of the change introduced was
weighted to be smaller in the stronger parts of the spectrum and
decreased with iteration number. The random change of param-
eter at iteration is

(3)

where is the random number within a certain range,
is the factor related to the spectral power at the point of param-
eter , and is the predetermined total number of iterations. As
we can see in Fig. 6, the distorted pulse was almost restored by
the adaptive pulse-shaping program. The resulting cross-corre-
lation trace is 31 fs FWHM, which corresponds to a roughly 20
fs pulse after deconvolving the 20 fs duration of the reference
pulse.

In our experiments, it took about 120 ms to run a single it-
eration. Of this time, 90 ms is used to update the drive levels
of the LCM. This time is limited mainly by the settling time
of the liquid crystal molecules themselves; the drive electronics
are appreciably faster than this. This is in contrast to most cur-
rent LCM drive electronics, which limit the update time to500
ms [10]. Fig. 7 shows the average SH power versus time, when
we switched the voltage array on the LCM back and forth be-
tween a flat phase case and a prespecified random voltage array.
It shows that 80 90 ms is enough to update the drive levels of
the LCM. The system can run at this speed indefinitely while
changing to new randomly selected LCM settings at each it-
eration. Recently, for a thermally controlled transmissive de-
vice operating at 1064 nm, Raytheon Company has measured
an LCM switching time of approximately 10 ms. A comparable
device designed for 850 nm should operate at a switching time
of ms [the (850/1064) factor would
arise from the decreased thickness needed for the 850-nm wave-
length].

IV. STUDY OF TEMPORAL WINDOW AND REPLICA PULSE

EFFECTS

In pulse-shaping experiments, the intensity of the output
waveform will be modulated by a temporal window function
[1]. Outside a certain temporal range, the pulse will be too
weak to be useful. There are two factors that determine the
temporal window. One is the finite size of the individual
focused frequency components, which affects any pulse shaper.
The second is the pixel structure of the LCM, which applies
only to pixellated SLMs. In the following, we briefly review
these temporal window effects and then characterize them ex-
perimentally for our system. We will also see that the nonlinear
frequency versus pixel number relation, which is described
here for the first time, plays an important role in the effects
related to the discrete pixels.

Assuming the input laser beam has a Gaussian spatial profile,
any individual optical frequency component focused onto the
LCM plane also has a spot with a Gaussian profile. From [1]
and [18], the field immediately after the LCM can be written as

(4)
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Fig. 5. Periodic M-sequence modulation: (a)–(c) 7-digit M-sequence, (d)–(f) 15-digit M-sequence. (a), (d) Total 512 bins; (b), (e) total 256 bins; (c), (f) total 128
bins.

where is the mask function and is the direction per-
pendicular to the boundaries of the pixels. is the focused
Gaussian beam radius at the focal plane of the spherical mirrors
(assuming diffraction-limited focusing);represents the spatial
dispersion at the LCM plane. and are

(5)

(6)

Here is the beam radius of the input beam; and are the
incident angle and diffraction angle on the grating;is the focal
length of the spherical mirror; andis the center frequency of
the laser spectrum.

Equation (4) is a nonseparable function of both spaceand
frequency . To obtain an output field that is a function of fre-
quency only, one must perform an appropriate spatial filtering
operation. This was analyzed in [18] by expanding the masked
field into Hermite–Gaussian modes and assuming that all of the
spatial modes except for the fundamental Gaussian mode are
eliminated by the spatial filtering. Such spatial filtering can be
accomplished experimentally by passing the output from the
pulse shaper through either a single-mode fiber or a regener-
ative amplifier. Our treatment is also approximately valid when

the spatial filtering is performed simply by placing an iris after
the pulse-shaping setup. At last, one can derive the filter func-
tion of the pulse shaper as

(7)

From the Fourier transformation of (7), we can derive the
impulse response of the pulse shaper as ,
where

(8)

(9)

is the infinite-resolution impulse response and is an
envelope function restricting the temporal window. We see that
the temporal window caused by a finite input Gaussian beam
also has a Gaussian shape. The FWHM of this temporal window
in terms of intensity is

(10)

For our setup, ps.
The temporal window caused by pixellation should be in-

cluded in . For simplicity, we assume that the pixels are
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Fig. 6. (a) Cross-correlation trace of the distorted pulse, 122-fs
cross-correlation FWHM. (b) Cross-correlation trace of the restored
pulse after 10 min, 31-fs cross-correlation FWHM.

Fig. 7. SH signal versus time, when the LCM was switching between flat
phase state and a random state.

distributed linearly versus optical frequency and omit interpixel
gaps; then can be written as [3]

(11)

(12)

Fig. 8. Temporally shifted pulses using linear phase modulation. From the
left-most pulse to the right-most pulse, the total phase increase over the LCM
was 0, 16�, 32�, 64�, 128�, 256�, 512�, and 768�, respectively. The dotted
curves are theoretical Gaussian window, theoretical Sinc window, and total
temporal window (the product of the previous two windows).

Here is the desired filter function, rect is a rectan-
gular function of unit amplitude and width, denotes convo-
lution, and the summation runs over all LCM pixels. We take

to include the truncation of the spectrum outside the re-
gion of LCM pixels (outside the region 722.5 to 872.5 nm in our
experiments). denotes the optical frequency span per pixel.
Since is the inverse Fourier transform of , we have

and therefore

Here is the desired impulse response function, which would
be obtained if the modulation was continuous and

. In our experiments, GHz. We can
see, in terms of intensity, the sinc term is the contri-
bution to the temporal window function caused by pixellation.
The total temporal window function should be the product of the
sinc window caused by pixellation and the Gaussian window
caused by the finite spot size at the masking plane.

Equation (14) also shows that there is a series of replica im-
pulse response functions . The entire result is
weighted by the temporal window function. The interval be-
tween the nearest replica pulse and the main pulse is ,
which should be 7.7 ps in our experiments.

Fig. 8 shows experimental results on the temporal window.
We applied a series of linear spectral phase modulations to shift
the pulse to various positions later in time. Fig. 8 shows intensity
cross-correlation traces of the shifted pulse in the time interval

1 to 6 ps. The total phase increase across the 512 LCM pixels,
from the left-most pulse to the right-most pulse, is 0 (no shift),
16 , 32 , 64 , 128 , 256 , 512 , and 768 , respectively, cor-
responding to phase shifts of 0,/32, /16, /8, /4, /2, ,
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Fig. 9. Linear phase modulation and replica pulses. Total phase increase: (a), (d) 256�; (b), (e) 512�; (c), (f) 768�. (a)–(c) Experimental data; (d)–(f) simulation
results.

and 3 /2 per pixel. The observed temporal shifts were consis-
tent with (2), and the shifted pulses exhibit no obvious distor-
tion. The three dotted curves are the theoretical Gaussian tem-
poral window, Sinc temporal window, and estimated total tem-
poral window (the product of the previous two windows). From
this figure, we can see that the rolloff of the pulse intensities
is described reasonably well by the temporal window predicted
by theory. Looking more closely, the initial rolloff is somewhat
faster than the prediction, which could be a sign that the ac-
tual spectral resolution achieved in our experiments is slightly
coarser than the theoretical limits based on diffraction-limited
focusing.

We note that each shifted pulse in Fig. 8 should have a replica
pulse in the time interval 8 ps 0 (not shown in the
figures). For the case of a truly linear spectral dispersion, the
replica amplitudes increase with increasing total phase shift. For
a 512 total phase shift, the replica pulse at3.9 ps would be
expected to have the same amplitude as the desired shifted pulse
at 3.9 ps; while for 768 total phase shift, the replica pulse at

1.9 ps would be expected to be substantially stronger than the
desired shifted pulse at 5.8 ps.

The generation of replica pulses can be viewed in the fol-
lowing way. We consider a linear spectral phase function in the
frequency domain and assume the pixels are distributed linearly
versus frequency. For a phase increase ofper pixel, the pulse
should be shifted by . But equivalently, we
can say that the phase shift is increasing by 2 per pixel
(decreasing by 2 per pixel), for which the time shift is

. If the phase function we add is con-
tinuous in the frequency domain, then of course there can be
only one phase slope. But because of the pixellated structure
of the LCM, a linear modulation of a positive slope can also
be considered a linear modulation of a corresponding negative
slope. For this example, it means that while is a possible
point for the different frequency components to form a pulse,

is also a possible point. We can see that
the generation of replica pulses is a direct result of the LCM’s
pixel structure.

However, in our experiments, the generation of replica pulses
behaves differently, because the pixels are not distributed lin-
early versus frequency and is no longer constant. Because
of this variation of , different parts of the spectrum give con-



WANG et al.: 20-fs PULSE SHAPING WITH LIQUID CRYSTAL MODULATOR 725

Fig. 10. Linear phase modulation results and replica pulses. (a), (b) Experimental cross-correlation traces; (c), (d) simulation, using the mapping of frequency
versus pixel# in Fig. 2. Total phase increase over the LCM: (a), (c)+512�; (b), (d)�512�.

tribution to the replica at different time shift, causing the replica
to be broadened and chirped, with reduced intensity.

Fig. 9 shows the experimental and simulation results for
replica pulses corresponding to the linear spectral phase
modulations of 256, 512 , and 768 from Fig. 8. We see
from Fig. 9 that when the total phase increase was 256(pulse
shift 2 ps), there was a very weak and chirped replica pulse at
around 6 ps in the simulation, which was concealed by noise
in the experimental data. When the total phase increase was
512 (pulse shift 4 ps), a chirped replica pulse at about4 ps
began to be visible in both simulation and experiment. When
the total phase increase was 768(pulse shift 6 ps), the replica
pulse was at 2 ps (closer to zero delay than the main pulse)
and its intensity became comparable to that of the main pulse.
In all three cases, however, the intensities of the replica pulses
are much less than they would be in the case of a linear spectral
dispersion.

Another example is shown in Fig. 10. Here we consider a
linear spectral phase shift varying by either512 or 512
across the 512-pixel array. Ideally, the linear spectral phase shift
leads to a pulse temporally shifted by 3.8 or3.8 ps, respec-
tively. However, because the phase shift per pixel is , the
linear phase function is not adequately sampled by the pixellated
array. In fact, in the case of linear spectral dispersion, the inten-
sity of the shaped pulse and the strongest replica pulse should
be identical, leading to an equal-intensity pulse pair symmetri-

cally displaced around zero delay. The nonlinear spectral reso-
lution breaks the symmetry. Hence in the case of512 phase
shift [Fig. 10(a)], the desired shifted pulse at 3.9 ps retains its
20-fs pulse duration, but the replica at3.9 ps is broadened to
1 ps, with its peak intensity suppressed by a factor of 30. Con-
versely, for 512 spectral phase shift [Fig. 10(b)], the desired
pulse at 3.9 ps is undistorted, while the replica pulse at3.9
ps is broadened and suppressed. Similar results are obtained
from simulation using the actual nonlinear spectral dispersion
function [Fig. 10(c) and (d)]. It is also interesting to note that in
the case of nonlinear spectral dispersion, a linear spectral phase
of total range 512 across a 512-pixel LCM (an average of
phase shift per pixel) is quite different from the case of a peri-
odic 0 0 phase modulation with average period one pixel.
The former case is shown in Fig. 10 and gives one strong pulse
and one weak one; the latter case is shown in Fig. 4 and gives
two identical strong pulses.

V. CONCLUSION

In summary, we have reported the first femtosecond
pulse-shaping experiments using a 512-element liquid crystal
phase-only modulator. Our results show that the increased pixel
amount allows substantially enhanced pulse-shaping resolution
and a greater temporal window (for fixed optical bandwidth)
compared to the 128-element LCMs commonly available.
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We have also performed preliminary adaptive pulse-shaping
experiments, in which we have demonstrated that new patterns
may be applied to the LCM every 90 ms, which is significantly
faster than most current LCM drive electronics. This should
translate into faster convergence in adaptive pulse-shaping
routines. Finally, we have studied several effects that graphi-
cally illustrate the importance of accounting for the nonlinear
spectral dispersion. We also show that the nonlinear spectral
dispersion can substantially reduce the intensity of the replica
pulses arising from the pixellated structure of liquid-crystal
modulator pulse shapers.
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