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A Femtosecond Pulse-Shaping Apparatus
Containing Microlens Arrays for Use
with Pixellated Spatial Light Modulators

Keith M. Mahoney and Andrew M. Weiner, Fellow, IEEE

Abstract— We discuss a modified femtosecond pulse shaper
that uses microlens arrays to convert the continuous band of
frequencies normally obtained at the mask plane of a pulse
shaper to a series of discrete spots. Two possible modified pulse-
shaping geometries are described and the optimum geometry is
chosen. Our experiments demonstrate that this modification can
improve pulse-shaping quality when modulator arrays with large
interpixel gaps are used for Fourier-plane filtering,

I. INTRODUCTION

EMTOSECOND pulse shapers have been used to produce

| ' tailor-made pulse shapes for use in many applications
such as high-speed communications, nonlinear fiber optics,
and ultrafast spectroscopy [1]. Pulse shaping has been demon-
strated using fixed amplitude or phase masks [2], holograms
[3]-[5], and moving mirrors [6] to spatially filter the fre-
quency components in the zero-dispersion pulse compressor.
Programmable pulse shapes can be produced by replacing
the above spatial filters with a liquid-crystal modulator array
[71-[9]. This allows the puise shapes to be modified on a
millisecond time scale with gray level control by adjusting
the pixels in the modulator array corresponding to the am-
plitude or phase of the individual frequency components.
The programmability adds flexibility to the pulse-shaping
setup, but needs to be updated at a faster rate for use in
future high-speed communication systems. Pulse shapers have
been designed which use acoustooptic modulators to per-
form the spatial filtering [10] and can be modified on a
microsecond time scale for low-repetition-rate applications
(e.g., femtosecond pulse amplifier systems). Optoelectronic
device arrays, based on SEED [11] or other multiple-quantum-
well (MQW) technologies, e.g., [12], offer the potential for
pulse shaping with subnanosecond reprogramming times. But
the optoelectronic device arrays are typically fabricated in such
a way that the active pixels that modulate the light are small
and are separated by inactive regions between the pixels. One
example of this are MQW-SEED arrays, which have been
used inside of a pulse shaper to carve a femtosecond pulse
into a number of separate wavelength channels for wavelength
division multiplexed (WDM) optical communications [13].
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The MQW-SEED arrays are an attractive technology for
modulator arrays because of their rapid reprogrammablility
(>100 Mb/s); however, in order to achieve high speed, these
arrays must have small device cross-sectional areas leading
to low fill factors (~25% for the arrays used in [13]) and
large gaps. For time-domain pulse-shaping applications, this
is a problem because the discrete pixels cannot efficiently
modulate the continuous band of frequencies that are present
in the pulse shaper. ‘

In this paper, we propose and demonstrate a way to avoid
this mismatch between the conventional pulse shaper and
the high-speed modulator arrays by adding microlens arrays
inside the pulse shaper [14]. The continuous line of light
(corresponding to the spatially dispersed optical frequencies in
the input pulse) is focused to a one-dimensional array of spots
by the individual microlenses in the array. Since the light is
focused to discrete spots rather than spread out in a continuous
band, a pixellated modulator array can be used at the masking
plane to perform the pulse-shaping spatial filtering. We discuss
experimental results which show that our modified pulse
shaper can be used to achieve high-quality pulse shaping even
for low-fill-factor modulator arrays, although the effects of the
interpixel gaps cannot be eliminated entirely.

The format of this paper is as follows. Section II de-
scribes the conventional pulse shaper and reviews the basis of
pulse shaping. Two modified pulse geometries using microlens
arrays are introduced in Section III. An experimental demon-
stration of improved pulse shaping with pixellated masks is
presented in Section IV. We conclude in Section V.

II. CONVENTIONAL PULSE SHAPER

One method for producing shaped femtosecond pulses in-
volves using a zero-dispersion pulse compressor to spectrally
filter the optical pulse [1], [2]. This is accomplished by a
pulse-shaping apparatus that consists of a pair of lenses and
gratings. The two lenses are spaced apart at twice the focal
length and the gratings are placed one focal length from
the lenses as shown in Fig. 1. An ultrashort light pulse is
input to the grating on the left which angularly disperses the
frequency components that comprise the pulse. The different
frequency components are spatially dispersed and focused at
the mask plane (halfway between the two lenses), so that
the frequencies form a continuous one-dimensional line that
directly corresponds to the spectrum of the pulse. The beams
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Fig. 1.

Schematic of the conventional pulse shaper. The optical components
are arranged in a 4F" system with F' being the bulk lens focal length.

then propagate through the second lens which recombines
them into a single spot on the output grating. The beams
diffract off the second grating to produce a single output beam.
The setup as described is dispersion-free, meaning that all of
the frequency components travel the same optical path length
through the pulse shaper. If no filter is placed at the masking
plane, the output pulse is exactly the same as the input. The
output pulse can be shaped by placing a spatially patterned
amplitude or phase filter at the masking plane to modify the
frequency spectrum. The output pulse shape is determined by
the Fourier transform of the pattern transferred by the mask
onto the spectrum. A broad range of optical waveforms can
be generated by determining the appropriate frequency filter
and applying it to the optical frequencies with a spatial mask.

III. A MODIFIED PULSE SHAPER

In addition to spatially dispersing the optical frequency
components at an internal masking plane, a pulse-shaping
system must be dispersion-free and must recombine all of
the frequency components so that they produce a single
collimated output beam. In order to determine a modified
pulse-shaping geometry that uses microlens and which meets
these requirements, we performed a ray-tracing analysis to
model the optical system. Conventional ray-tracing cannot be
used because the pulse shaper contains dispersive elements,
such as diffraction gratings, that cannot be modeled by ABCD
matrices. There are a variety of methods developed to model
optical systems containing dispersive elements [15]-[17]. The
method that we chose uses 4 x 4 matrices (as compared to the
2 x 2 in conventional ray-tracing) to describe the properties of
the optical components [15]. Using these techniques, the entire
pulse-shaping setup, from input grating to output grating, can
be characterized as a product of the 4 x 4 matrices using
our algorithm. The position of the optical rays are calculated
for a global position, which was defined relative to the bulk
lens, for the input grating and first bulk lens. When the rays
encounter the microlenses arrays, the algorithm converts the
position from a global position to a series of local positions,
which relates the position of the optical rays to each individual
microlens. The optical rays are calculated using the local
position until they exit the last microlens array and then are
converted back to a global position for the last bulk lens
and the grating. We considered two pulse-shaping geometries
involving microlens arrays. The first used a pair of microlens
arrays placed into the center of the conventional pulse shaper
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Fig. 2. One proposed modified pulse-shaping geometry where two microlens
arrays are placed in the middle of the pulse shaper. The focal length of the
bulk lens and microlens are denoted by F' and f, respectively.

as shown in Fig. 2. This geometry generated a series of
discrete spots that can be used with pixellated modulator
arrays and had zero dispersion, but it did not generate a
single collimated output beam. Therefore, we designed a
second geometry using two pairs of microlens arrays that still
satisfies the above two conditions and does produce a single
collimated output beam. We will first describe the design and
the experimental results with the two microlens array geometry
that fails to produce a collimated beam in order to gain insight
into the characteristics of the pulse shapers using microlens
arrays. Then we will describe the correct, four-microlens array
geometry.

For the geometry shown in Fig. 2, the bulk lens is placed
one focal length away from the grating, the distance between
the microlens array and the bulk lens is the sum of the bulk
lens and microlens focal length, and the microlens arrays are
separated by twice the microlens focal length. When using
the geometry in Fig. 2, the first microlens array converts the
continuous line of focused frequencies into a one-dimensional
array of discrete spots that corresponds to the active regions of
the modulator array. The second microlens array then images
the- discrete spots back into a continuous band of frequencies.
The arrangement of microlens arrays does provide the discrete
line of spots required for the pixellated modulator array, but it
is not the geometry that can be used to produce shaped pulses.
The reason for this is that the two microlens arrays act like
an array of telescopes that mix up the locations of the optical
frequencies. This causes the frequency components that lie on
a single microlens to be arranged in a reverse order after the
second microlens. When these frequencies are focused onto
the output grating, the input angle for a specific frequency
is different than the angle with which it diffracted off of the
first grating. This causes the second grating to diffract the
different frequencies at different output angles. As a result,
the output beam observed at some distance away from the
second grating has an elliptical shape instead of circular. One
experimental measurement of the frequency variation along
the long axis of the elliptical output beam is shown in Fig. 3.
We used gratings with 1800 lines/mm, a bulk lens with focal
length of 150 mm, and microlens arrays fabricated by United
Technologies Adaptive Optics Associates (AOA-0100-1.7-S)
that are arranged in a two-dimension 6.8 X 6.8 mm square
array that have a center-to-center spacing of 100 pm, >98%
fill factor, and a focal length of 1.7 mm. For our work, we
only used one row of each two-dimensional array. Fig. 3(a) is
the spectrum measured on one end of the elliptical beam and
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Fig. 3. Spectral measurements taken from two locations of the elliptical

output beam generated by the modified pulse shaper in Fig. 2.

Fig. 3(b) shows the spectrum on the opposite end of the beam.
A deep periodic modulation is observed and the modulation
corresponding to the two ends of the elliptic beam are out
of phase with each other. These features arise because of the
periodic nature of the microlens array. At the mask plane, 1
mm spatially represents 3.03 nm of optical bandwidth, based
on the equation

dcosfy
F

where A is the variation in wavelength, Az is the spatial
position, ¢ is the speed of light, d is the grating period, 64 =
35° is the diffraction angle off of the first grating, F is the
focal length of the bulk lens, and ) is the wavelength. With a
microlens center-to-center spacing of 100 pm, frequencies that
are separated by 0.3 nm will have the same output diffraction
angle. So at a spatial location corresponding to a certain output
angle, the spectrum shows a modulation with 0.3-nm period.

An intensity cross-correlation measurement of the output
shape generated by the modified pulse shaper that uses two
microlens arrays is shown in Fig. 4 using an unshaped pulse
from our CPM laser as a reference. The output pulse shape is
a main peak along with two large sidelobes at +4.3 ps. The
exact shape is sensitive to the position of the output beam
that is sampled. The sidelobes are presumably caused by the
deep modulation of the spectrum due to the angular errors as
described above.

To correct these undesirable effects, the microlens arrays
must be placed so that the frequencies are in the correct
order before the light is focused onto the output grating. That
will ensure that all the frequency components that diffract

AN = Az
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Fig. 4. Cross correlation showing the temporal profile generated by the
modified pulse shaper in Fig. 2.
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Fig. 5. Another modified pulse-shaping geometry that uses four microlens
arrays. The microlens arrays are separated by twice the microlens focal length
(f) and the grating to bulk lens spacing is the bulk lens focal length (F').

off of the second grating will have the same output angle. A
second geometry was considered that allowed the frequencies
to be focused to discrete spots and still maintain the correct
order. Fig. 5 shows the geometry that we have designed
using Kostenbauder’s matrices. Our modified pulse shaper is
similar to the conventional pulse shaper with the addition
of four microlens arrays between the two bulk lenses. The
bulk lenses are placed one focal length from the gratings.
The four microlens arrays are spaced so that they form a
pair of telescopes. The first and the second microlens array
(as are the third and fourth array) are separated by twice the
microlens focal length. The first microlens array converts the
continuous band of frequencies into a one-dimensional array
of spots that are centered at the middle of each microlens.
The second microlens array changes the discrete spots back
to a continuous line of mixed-up frequencies. The third and
fourth microlens arrays form the second telescope which swaps
the frequencies back and repositions them back to the correct
order. The second bulk lens focuses the frequencies down onto
the output grating. All of the frequencies are diffracted off of
the second grating at the same position into the same direction
and produce a collimated output beam. In this modified pulse
shaper, the mask plane is between the first and second (or
third and fourth) microlens array. As in the conventional pulse
shaper, the shaped output pulse is determined by the Fourier
transform of the filter pattern transferred by the mask onto the
spectrum.

Figure 6 is an expanded view of the four microlens arrays
in the center of the modified pulse shaper showing the ray-
tracing calculations. For our calculations, we used parameters

that model the commercial microlens arrays used in our
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Fig. 6. A ray-tracing calculation showing the optical rays inside the modified
pulse shaper as they pass through the four microlens arrays at distances of
—3f,—f,f and 3f as measured from position O, the symmetry plane. The
mask plane is located at —2 f between the first and second microlens arrays.

experiments. The diameter of each microlens is 100 um with

a focal length of 1.7 mm. The microlens arrays are spaced
at distances described above. The series of focused spots
to the left of the first microlens array represent individual
frequency components focused by the first bulk lens. In the
pulse shaper, each frequency is focused to a single spot at
a different vertical position. Although the different focused
spots actually form a continuous line, in the figure only a
discrete set of frequencies are plotted. For a given frequency,
. the different rays represent different positions with the input
spatial profile. The focal plane of the first bulk lens is one
microlens focal length from the first microlens array. Light
from different frequencies reaching an individual microlens is
collimated toward the center of that microlens. Even the light
that hits the edge of the microlens is directed toward an area at
the center of the microlens. The second microlens array takes
the light and focuses the frequencies back to a continuous
band of frequencies at the symmetry plane. The right half of
the figure is a mirror image of the left half and is used to
orient the frequencies so that they exit the system in the same
position as they entered.

By looking at the ray-tracing diagram, it can be seen that the
microlens array directs the light to the center of each microlens
between the first and second array. This is the discrete array
of spots that is needed to mate the modified pulse shaper with
a pixellated modulator array. Thus, this geometry satisfies the
first of our design criteria. The 4 x 4 ray-pulse matrices also
shows that this geometry remains dispersion-free, satisfying
our second design requirement. The final requirement is that
the frequencies must not be transposed, which would produce
an irregularly shaped output beam, as was observed in the
two-microlens-array geometry. By looking at Fig. 6, it can be
seen that all of the frequencies on the right-hand side appear
in the same order as they do on the left-hand side. This shows
that the four-microlens-array geometry does not disturb the
orientation of the frequencies.
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Fig. 7. A modified pulse-shaping geometry using a pair of microlens arrays
in a reflection geometry. This setup is equivalent to the geometry shown in
Fig. 5 using four microlens arrays in a single-pass geometry.

The ray-tracing analysis shown in Fig. 6 is an ideal treat-
ment and does not model effects such as Gaussian beams,
diffraction by the edges of the microlens, and imperfections
in the shape of the lens. When these effects are taken into
consideration, the actual field distribution will be somewhat
modified. Firstly, the beams should be Gaussian, which means
that the frequencies do not focus down to a point but instead
down to a minimum beam waist. Secondly, frequencies that
focus on the boundary between two microlens will experience
enhanced diffraction and scattering. This will lead to dips in
the spectrum caused by light hitting the edge of the microlens
which represents a limit on the fidelity possible when shaping
pulse with the modified pulse shaper.

IV. EXPERIMENTAL RESULTS

When setting up the modified pulse shaper for our exper-
iments, we decided to use a reflection geometry in which
a mirror is placed at the plane of symmetry between the
second and third microlens array as shown in Fig. 7. Using
the reflection geometry allows the use of two microlens arrays
instead of four, which simplifies the alignment procedure and
reduces the number of components. The frequencies form
discrete spots after the first microlens array, are converted to
a continuous band after the second array, and are reflected by
the mirror. The light is retroflected through the system and
the output beam propagates in a direction opposite from the
input beam. In our experiments, we used a CPM dye laser [18]
that produced sub-100-fs pulses at a wavelength of 620 nm.
The components used are the same 1800 lines/mm grating,
a 150-mm focal length bulk lens, and microlens arrays with
a 100-pm center-to-center spacing, >98% fill factor, and 1.7
mm focal length used in the previous experiment. As before;
only a single row of each two-dimensional square microlens
array was used for these experiments.

One characteristic of a pulse shaper that needs to be
maintained is that it should not add any dispersion to the input
optical waveform. We confirmed this is true for the modified
pulse shaper by performing cross-correlation measurements
on the output pulses obtained from the conventional and
modified pulse shapers (without any spatial filters inserted at
the masking plane). Fig. 8 shows that the cross-correlation
data. The deconvolved pulses widths from the conventional
and modified pulse shapers are 87 fs and 96 fs FWHM,
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Fig. 8. Cross-correlation measurements of the output pulses from the con-
ventional (a) and modified (b) pulse shapers with no mask present to perform
the spatial filtering.
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Fig. 9. Cross correlation of the output pulse from the modified pulse shaper
with no mask present shown on a longer time scale to show the sidelobes
at £4.3 ps.

~ respectively, assuming a sech shape. The output pulse widths
are comparable to the input pulse width; the difference between
the conventional and modified case is within the day-to-
day variation in pulse width from our CPM laser (these
measurements were performed on different days). Therefore,
we have shown that the modified pulse shaper is essentially
dispersion-free. The output from the modified pulse shaper
does have small satellite pulses at +4.3 ps caused by light
diffracted from the edges of individual microlenses as shown
in Fig. 9. The microlens spacing of 100 pm corresponds to
a series of dips in the spectrum with spacing Af = 2.37
THz, which produces the sidelobes at £4.3 ps. This effect is
discussed in more detail later.

Now that the modified pulse-shaper geometry has been
determined to be free of any added dispersion, the system
needs to be tested by placing a pixellated modulator array at
the mask plane of the modified pulse shaper. We fabricated a
fixed amplitude mask that mimics a pixellated modulator as
shown in Fig. 10. This was done by lithographically depositing
metal on a substrate to form a series of masks that are each
1.5 mm wide, corresponding to each row, which will pass
4.54 nm of optical bandwidth (using the optical components
previously listed). This is narrower than optical bandwidth of
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Fig. 10. Amplitude mask designed to mimic a modulator array with pixels
on 100-pm centers. The five rows have 50-, 70-, 80-, 90-, and 100-um active
pixel widths, with 50-, 30-, 20-, 10-, and 0-zzm dead space widths, respectively.
The dead spaces correspond to opaque regions in the mask, while the active
regions are transparent.

the CPM laser source and performs some simple pulse shaping
by spectral windowing the input pulse to produce a broadened
output pulse. Metal is deposited on regions that are designed
to be opaque and clear regions are defined by areas without
any metal deposition. Each mask is pixellated to imitate a
modulator array. Each mask contains a series of clear areas
that transmit light separated by opaque regions, corresponding
to active pixels and deadspace, respectively. The pixels are
spaced at 100 um, which was designed to match the period
of the microlenses in the array, and have a varying amount
of active regions. Various filters are designed that have 100-,
90-, 80-, 70-, and 50-um active regions. The 1.5-mm window
is narrower than the width of the microlens array, so the light
only passes through the 15 microlenses that are aligned with
the corresponding pixels. The wide range of active regions
allow us to design tests that will evaluate the effectiveness of
the modified pulse shaper.

The amplitude filters were placed at the masking plane of
the conventional and modified pulse shapers, and the resulting
shaped output pulses were measured using standard SHG
cross-correlation  techniques using unshaped pulses directly
from the CPM laser as a reference. The output pulses generated
when placing the filter in the conventional and modified pulse
shaper are shown in Fig. 11(a) and (b), respectively. Plots
(i) represents the mask with 90-um active region and 10
pm interpixel deadspace. Subsequent plots (ii), (iii), and (iv)
are generated by the filters with 80/20 ym, 70/30 pm, and
50/50 pm active region/interpixel deadspace. When the filter
is used inside the conventional pulse shaper, the intensity
of the main pulse at ¢+ = 0 decreases dramatically as the
interpixel deadspace increases, and heights of the sidelobes at
443 ps increase relative to the central peak. This is caused by
an increasing periodic spectral modulation due to frequencies
striking the increasing interpixel deadspace. In contrast, for the
modified pulse shaper, the intensities of the central peak and of
the sidelobes stay roughly constant as the interpixel dead space
is increased from 10 um [Fig. 11(b): (i)] to 50 zzm deadspace
[Fig. 11(b): (iv)]. The sidelobe intensities are ~5-12% relative
to the main peak at ¢ = 0. This is approximately the same
as the sidelobe height obtained with no pulse-shaping mask
at the masking plane. This data clearly demonstrates that the
microlens arrays are successful in circumventing the effect of
interpixel deadspace.



2076
n/\--—-~ @iv)
. e e (lil)
I ()
1 (1)
10
. L 0 N
-y | Vi (1))
(i)
®
-10 -5 0 5 10
ps
®
Fig. 11. Intensity cross-correlation measurements of the output pulses from

the conventional (a) and modified (b) pulse shaper. The waveforms pro-
duced when using a mask that has 90-um pixels with 10-um gap (i),
80-pm pixel/20-pm gap mask (i), 70-pm pixel/30-pm gap (iii), and 50-um
pixel/50-um gap (iv) are shown.

The lowest sidelobes are present when the amplitude filter
with the 90-xm pixels is used in the conventional pulse shaper.
It is lower than the modified pulse shaper because the periodic
microlens arrays used in the modified pulse shaper causes
some diffraction for the frequencies impinging at the edges of
individual microlenses. Those sidelobes in the 100/0 case for
the modified pulse shaper represent a limit in the improvement
in pulse shape that can accomplished for the modified pulse
shaper. For the 80-um pixels with 20-um deadspace, the
modified pulse shaper produces sidelobe heights lower than
the conventional pulse shaper. Therefore, the modified pulse
shaper produces pulse shapes comparable to those produced by
a conventional pulse shaper with active pixels that are between
80 and 90 um wide. One can therefore define the “active
region” of the 100-m microlens to be 85 pm out of 100 pm
(despite the fact that the actual microlens fill factor is ~98%).
The modified pulse shaper shows the greatest improvement
over the conventional pulse shaper for the 50-um pixels with
50-pm interpixel deadspace (iv). The sidelobe height from the

‘modified pulse shaper with the mask that has 50-um pixels is
5-12% of the main pulse as compared to the 40-50% relative
height for the sidelobes generated by the conventional pulse
shaper.

The 85-mm effective aperture of the individual microlenses
size is not a fundamental limit but is dependent on the input
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spot size, bulk lens focal length, and microlens focal length.
The size of the input beam may be adjusted to give the
optimum mask plane spot size for a given modulator array and
still produce a small enough spot size at the microlens array
so that each frequency is contained inside one microlens. The
limit for our modified pulse shaper is not the deadspace of the
pixellated mask but instead is caused by the scattering due to
the edge of the microlens. To some extent, one may reduce the
spot size at the microlens array by varying the input spot size,
etc., but at the same time one must ensure that the sizes of the
discrete spots at the masking plane remain sufficiently small.
For our parameters, we estimate that the modified pulse shaper
should improve the pulse-shape quality for active regions that
are as small as ~15 pm with interpixel deadspace of 85 um,
although we have only performed experiments with active
regions down to 50 pm.

V. CONCLUSION

We have shown that the pulse-shaping quality with pixel-
lated modulator arrays is improved when used with a modified
pulse-shaping geometry incorporating microlens arrays: Our
work with fixed amplitude masks can be extended to am-
plitude and/or phase electropically programmable modulator
arrays. The microlens array used in our modified pulse shaper
produces higher quality pulse shapes than the conventional
pulse shaper for modulators that have interpixel deadspace
greater than 15 pm for a 100-pm pixel spacing. Our modified
pulse-shaper system should allow the use of optoelectronic
modulator arrays with nanosecond or subnanosecond repro-
gramming times. This would allow the generation of highly
structured ultrafast optical waveforms which could be modified
at communication rates.
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