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High-resolution femtosecond pulse shaping
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The synthesis of arbitrarily shaped femtosecond pulses by spectral filtering in a temporally nondispersive grating
apparatus is demonstrated. Spectral filtering is accomplished by utilizing spatially patterned masks to modify the
amplitude and the phase of the optical frequency components that are spatially dispersed within the apparatus.
We are able to pattern spectra over a large dynamic range (approaching 10%) and with unprecedented resolution.
We illustrate the power of this technique by synthesizing a number of femtosecond waveforms, including femto-
second tone bursts with terahertz repetition rates, picosecond square pulses with 100-fsec rise times, and highly
complex pseudonoise bursts produced by spectral phase encoding.

1. INTRODUCTION

Shaped, modulated, and encoded waveforms are utilized for
avariety of applications in communications, remote sensing,
signal processing, and spectroscopy. In spread spectrum
communications, for example, system capabilities such as
interference rejection, error correction, and multiplexing are
achieved by means of specially coded signal formats.! A
means for generating appropriately shaped waveforms is
crucial for any of these applications.

In the context of ultrafast optics a number of researchers
have used Fourier synthesis techniques to generate specially
shaped ultrashort pulses. In the 1970’s, Desbois et al.2 and
Agostinelli et al.3 demonstrated a technique for optical pulse
shaping based on spatial filtering of optical frequency com-
ponents that were physically dispersed by diffraction grat-
ings. Because of the temporal dispersion of the gratings,
however, the shaped pulses were chirped, and even their
shortest features were stretched in time compared with the
input pulse. More recently Froehly et al. demonstrated
true Fourier-transform pulse shaping on a 30-psec time scale
by utilizing a grating apparatus free from temporal disper-
sion;? others52 produced shaped picosecond pulses shorter
than the input pulse by spatial filtering within a fiber and
grating pulse compressor. Picosecond pulse shaping by
temporal modulation and subsequent compression of
chirped optical pulses has also been reported.?

In this paper we demonstrate, for the first time to our
knowledge, the synthesis of arbitrarily shaped femtosecond
pulses. Previously we shaped picosecond pulses by spatial
filtering within a fiber and grating pulse compressor®-3; here,
we shape femtosecond pulses from a colliding-pulse mode-
locked (CPM) laser'%:11 by spatial filtering in a nondispersive
grating apparatus. Both amplitude and phase can be con-
trolled, and the synthesized waveforms can be simple or
highly complicated. The stability and the bandwidth of our
system make it possible to pattern spectra over a large dy-
namic range (approaching 10%) and with unprecedented res-
olution. We illustrate this powerful technique by synthesiz-
ing a number of femtosecond time-scale waveforms, includ-
ing square pulses, terahertz-repetition-rate tone bursts,!2
and highly complex pseudonoise bursts.!3 Possible applica-
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tions for these unique femtosecond waveforms are indicated
throughout this paper.

The paper is structured as follows. We describe the appa-
ratus used for our femtosecond pulse-shaping experiments
in Section 2, and in Section 3 we present several examples of
unusually shaped pulses that were generated by particularly
simple spectral masks. Waveforms that require detailed
and precise spectral control and that challenge the capabili-
ties of our technique are reported in Section 4. Constraints
that govern the application of our technique are enumerated
in Section 5. In Section 6 we present new results on encod-
ing and decoding of femtosecond pulses, which we previous-
ly proposed as a potential basis for ultrashort pulse code-
division multiple-access communications.!213 In Section 7
Wwe summarize.

2. EXPERIMENTAL APPARATUS

The experimental arrangement consists of a femtosecond
laser, a pulse-shaping grating apparatus, and diagnostics for
measuring the intensity profiles and the spectra of the
shaped pulses. As asource of femtosecond pulses, we utilize
a dispersion-compensated, CPM ring dye laser,'0!! which
provides typical pulse durations of 75 fsec at a wavelength of
0.62 um. The pulse-shaping apparatus, shown schematical-
ly in Fig. 1, consists of a pair of 1700-line/mm gratings placed
at the focal planes of a unit magnification confocal lens pair.*
The grating separation is 60 cm, and the lenses are achroma-
tric with focal lengths of 15 cm. Spatially patterned ampli-
tude and phase masks are inserted midway between the two
lenses at the point where the optical spectral components
experience maximal spatial separation. The pulse shape at
the output of the apparatus is the Fourier transform of the
pattern transferred by the masks onto the frequency spec-
trum. Intensity profiles of the shaped pulses are measured
by cross correlation using femtosecond pulses directly out of
the CPM laser as the reference; the corresponding spectral
profiles are measured using a 0.32-m spectrometer and a
linear photodiode array.

The grating setup shown in Fig. 1 is to be contrasted with
the Treacy grating pair,1415 which is commonly used for fiber
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Fig. 1. Dispersion-free pulse-shaping apparatus.

and grating pulse compression and which we used for our
previous demonstrations of pulse shaping.>7 In those ex-
periments chirped pulses emerging from an optical fiber are
compressed because of the negative group-velocity disper-
sion of the Treacy grating pair; the bandwidth-limited com-
pressed pulses that result are then suitable for Fourier-
transform pulse shaping. Because pulses from the CPM
laser are substantially bandwidth limited, in this paper we
employ the dispersion-free configuration sketched in Fig. 1.
This geometry was utilized previously by Froehly et al. for
pulse shaping with 30-psec Nd:YAG laser pulses.# Our ex-
periments, using pulse durations as much as 600 times
shorter than in Ref. 4, test the dispersion-free character of
the apparatus much more stringently.

We have verified that our pulse shaper is dispersion free
even for input pulses as short as 48 fsec. Figure 2 compares
the autocorrelation trace of 48-fsec pulses directly from the
CPM laser with the autocorrelation of pulses that have
einerged from the shaper (with no mask present). The pulse
widths are identical. For comparison, a Treacy grating pair
with the same 60-cm grating separation would broaden these
pulses to approximately 55 psec.

As an aside, we note that a generalized grating compressor
with either positive or negative dispersion may be obtained
by moving the gratings either closer to or farther from the
lenses, respectively. Thus the reduced wings evident in the
output pulse of Fig. 2 may be attributed to cancellation of
some small chirp on the pulses from the CPM laser. The
generalized grating compressor has been studied theoreti-
cally by Martinez.!®¢ Experimentally we have used such a
compressor in the negative-dispersion regime to achieve
subpicosecond compression and high-resolution shaping of
1.06-um Nd:YAG laser pulses.l” A similar compressor oper-

ating in the positive-dispersion regime was demonstrated in
Ref. 18.

Spatially patterned masks are a key component of our
pulse-shaping experiments, and some comments concerning
their design and fabrication are in order. For many experi-
ments we utilize two masks, one to control the spectral

phases and the second to control the amplitudes. The phase
masks that we used are binary, with the phase at each point
on the mask set to either zero or . The masks are fabricat-
ed on fused-silica substrates; the w-phase retardations are
obtained by reactive-ion etching toadepth D = \/2(n — 1) =~
0.68 um, where n is the refractive index of the fused silica.
Amplitude masks consist of opaque titanium-gold films
evaporated onto the fused silica. For the phase masks and
for binary amplitude masks (in which the transmission is
either 0 or 1), patterning is achieved by standard micro-
lithography. Because the optical spectrum is spread into a
linear, fan-shaped beam, patterning is required in only one
dimension. The second dimension is used to fit several
patterns onto each substrate. For some waveforms, such as
the square pulse, the amplitude mask must provide a contin-
uously variable transmission function. For such masks we
use a special fabrication technique, which we describe later
in this paper.

The connection between the physical mask and the spec-

48 fsec

-400 200 0 200 400
Delay (fsec)

Fig. 2. Autocorrelation traces of 48-fsec pulses from the CPM

laser, measured before (solid curve) and after (dashed-dotted

curve) the grating apparatus. With no mask present, the pulse
widths are identical.
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tral filter that results is discussed in Ref. 8. The linear
dimension of the patterns is determined by the spatial dis-
persion of the optical beam, given by 6A/6x = (d cos 84)/f,
where f is the focal length, d is the grating period, and 0, is
the diffraction angle. For f =15 cm, 1/d = 1700 mm~1, and
84 = 35°, we compute 57\/8x to be 3.22 nm/mm, in reasonable
agreement with the measured value of 8.37 nm/mm. To
accommodate the entire CPM-laser bandwidth (~10-nm
FWHM), an aperture of approximately 5 mm is required.
In many cases we work with 2.5-mm apertures in order to
justify the simplifying approximation that the input spec-
trum is flat over the entire spectral range.

3. SIMPLE MASKS: SPECTRAL WINDOWING,
TONE BURSTS, AND ODD PULSES

- As first examples of femtosecond pulse shaping, we demon-
strate some simple masking operations that we previously
demonstrated on the picosecond time scale.’® These exam-
ples are chosen to illustrate the fine control and the large
dynamic range that our technique affords.

We first consider spectral windowing, which is the use of
an amplitude mask consisting of a single slit in order to
truncate the optical bandwidth. Spectral windowing was
utilized previously within a fiber and grating pulse compres-
sor to eliminate portions of the spectrum that were not
linearly chirped and thus were unsuitable for pulse compres-
sion.5 It was utilized even earlier to perform slicing of longer
chirped pulses that had been stretched by grating pairs.23
In the present case our pulses are already bandwidth limit-
ed; spectral windowing reduces the optical bandwidth and
increases the pulse duration. As an example, we utilized a
window to produce a rectangular frequency spectrum with a
bandwidth of 1.5 nm. The resulting pulse shape is the well-
known sinc function given by

sin(wAft)
(xAft)

where Af is the bandwidth. The intensity profile of the
windowed pulse, measured by cross correlation, is shown in
Figs. 3(A) and 3(B) on a linear and a semilog scale, respec-
tively. From Fig. 3(A), the duration of the sinc-function
pulse is 790-fsec FWHM and the time-bandwidth product
AfAt is 0.92, in good agreement with the predicted duration
of 760 fsec and the theoretical time-bandwidth product of
0.886. The time interval between minima, evident from Fig.
3(B), is ~849 fsec, also in very close agreement with the
calculated value of 854 fsec. As evident from the semilog
plot, the correct pulse shape is obtained for several orders of
magnitude. ~

A simple extension is to use an amplitude mask that con-
sists of two slits in order to select two isolated spectral
components. The two frequencies will interfere, producing
a high-frequency tone burst. A cross-correlation measure-
ment of such a femtosecond tone burst is shown in Fig. 4(A)
for a frequency separation of 3.37 nm (2.6 THz). The cross
correlation shows some 20 distinct temporal peaks, with an
estimated order-of-magnitude increase in complexity possi-
ble. The 2.6-THz beat frequency, corresponding to a peri-
od of only 380 fsec, is an order of magnitude faster than the
highest-frequency tone bursts generated by other tech-
niques.’® By introducing a phase mask in order to phase
shift one frequency component by 7, we can interchange the

E@t)=E, (1)
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Fig. 8. Cross-correlation measurement of a sinc-function pulse:
(A) linear plot, (B) semilog plot.
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Fig. 4. (A) Cross-correlation measurement of a 2.6-THz burst of
femtosecond pulses. (B) Shifted burst of pulses that results when
one of the frequencies is given a = phase shift.

positions of the peaks and nulls [Fig. 4(B)]. Thus the phase
of the temporal beat note is determined by the relative phase
of the two selected frequency components; conversely, by
measuring the phase of the beat note as a function of the
offset between the two selected frequencies, one could map
out the phase spectrum of femtosecond pulses. Such two-
slit temporal interference measurements were previously
performed to determine the optical phase spectrum of com-
pressed picosecond pulses.?0

As a simple example of phase masking alone, we consider
the odd pulse. When half of an originally symmetric spec-
trum undergoes a 7 phase shift, it becomes an antisymmetric
function. The corresponding electric field will be an odd
function of time; the intensity profile will consist of two
peaks separated by a null at ¢ = 0, where the phase of the
carrier jumps abruptly by #. Such odd pulses were generat-
ed previously in picosecond pulse-shaping experiments® and
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Fig.5. Cross-correlation measurement of a femtosecond odd pulse.

are closely related to zero-area pulses produced by propaga-
tion through resonant atomic vapors.2! Figure 5 shows the
cross-correlation measurement of a femtosecond odd pulse,
generated using a total spectral width of 7.0 nm (5.5 THz).
Except for the shorter time scale, this odd pulse is nearly
identical with the picosecond odd pulse produced with the
fiber and grating compressor.5 Femtosecond odd pulses
and other related pulse shapes may prove useful for investi-
gations of dark soliton?2-2¢ pulse propagation in optical fi-
bers.

4. ADVANCED MASKS: PULSE TRAINS AND
SQUARE PULSES

The examples discussed above involve simple amplitude and
phase masks. To generate more-general pulse shapes,
more-detailed control of the spectrum will be required. In
this section we discuss the application of sophisticated phase
and amplitude masks for synthesizing, respectively, femto-
second pulse trains and optical square pulses.

A. Pulse Trains
The most familiar filter that could be used to generate a
train of evenly spaced pulses would be an amplitude mask
consisting of a set of evenly spaced slits on an opaque back-
ground. This approach was illustrated above in the discus-
sion concerning Fig. 4. Although this approach does yield
nice pulse trains, it suffers from poor energy efficiency. In
this section we show how pure phase masks can be used to
generate trains of femtosecond pulses with negligible loss.
These phase masks, which can include >150 separate phase
elements, provide a first example of highly detailed filtering
operations. Additionally, the phase codes that we utilize for
pulse-train generation will be revisited in Section 6, in which
we discuss a novel communication system based on encoding
and decoding of ultrashort optical pulses.

An amplitude mask for pulse-train generation can be de-
signed as follows:

{(100. . .0)1(100. . .0)s. . .(100. . .0)n/p}.

The mask is divided into N pixels, which are grouped into N/
P periodic repetitions of the sequence (100. . .0), which con-
sists of a single 1 followed by P — 1 zeros. 1 and 0 denote
pixels at which the mask is transparent or opaque, respec-
tively. Such a mask provides a train of roughly P pulses
within a smooth envelope but at the cost of throwing away a
fraction (P — 1)/P of the incident energy.

Weiner et al.

To produce a similar pulse train by using phase alone, the
mask should be designed as follows:

{(®1®2®3. . .Bp)1(P1P2®5. . .Dp)a. . .(1D2Bs. . .Bp) NP}

The mask is again divided into N pixels grouped into N/P
periodic repetitions of a predetermined sequence of P
phases. In the notation above, (®,22®;. . .®,); corresponds
to the jth repetition of the sequence and ®; denotes the ith
phase in the sequence. If each pixel is associated with a
bandwidth &f, the total bandwidth is Néf, and the duration
of the individual pulses in the train is of order 1/N§f. The
period is 1/Péf, and the number of pulses in the train is of
order P. A phase mask can be nearly lossless because the
only loss mechanism is scattering from the edges of the
individual pixels; if N does not exceed the number of resolv-
ing spots (see Section 5), the loss will be small.

To produce a uniform or nearly uniform train of pulses,
one must properly select the sequence (®;P9®;. . .$p). Suit-
able sequences are known and are widely used for designing
antennas with broad radiation patterns and reflection phase
gratings with broad diffraction patterns. These same se-
quences find numerous applications as codes for precision
ranging and spread spectrum communications. In his book
Number Theory in Science and Communication,2 Schroe-
der discusses a number of sequences that will be suitable for
our use and enumerates a variety of fascinating applications.

We have fabricated phase masks based on repetitions of
the so-called maximal length sequences (M sequences).l25
The M sequence, a binary-valued code of length P = 2L ~ 1,
where L is an integer, is particularly well known in the
context of spread spectrum communications. Each ®;in our
mask is assigned a value of 0 or =, depending on whether the
corresponding element of the M sequenceisaOoral.

Ilustrative pulse-shaping data are shown in Fig. 6(A) for a
phase mask consisting of five repetitions of an M sequence of
length 15. For comparison, pulse trains generated using the
corresponding amplitude mask are shown in Fig. 6(B); note
the difference in the intensity scale! The details of the two
pulse trains are identical except for the missing pulse at ¢ = 0
in the upper trace. Additional cross-correlation data, plot-
ted in Figs. 6(C) and 6(D) on an expanded horizontal scale,
demonstrate the similarity even more clearly. For these
data the spectral window is 2.5 mm (N§f = 6.575 THz, 6f =
0.0877 THz), yielding a pulse separation of 817 fsec and a
150-fsec pulse width. When the same phase mask is
stretched to fit within a 5-mm window (5f = 0.175 THz), the
separation and the pulse width are reduced to 407 and 77
fsec, respectively [see Fig. 6(E)].

At this point several comments are in order. First, al-
though pulse trains produced by phase masks and by ampli-
tude masks exhibit similar intensity profiles, the phase pro-
files are quite different. For the amplitude masks, the
phase of each pulse is identical, but for the phase masks, the
phase varies from pulse to pulse in a manner determined by
the particular code. Second, we note that the missing pulses
at t = 0 [in Figs. 6(A), 6(C), and 6(E)] are a property of the
M-sequence code itself. Pulse trains with no pulses missing
can be synthesized by using quadratic residue codes,?® for
example, in place of M sequences; and other codes could be-
utilized to produce specially tailored series of pulses. Tai-
lored pulse trains will be useful for repetitive excitation of
coherent molecular vibrations by impulsive stimulated Ra-
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man scattering,?6 in order to achieve mode selectivity and to
excite large vibrational amplitudes.?”

Finally, we note that the envelopes of the recorded wave-
forms are asymmetric about ¢ = 0 for amplitude masks as
well as for phase masks. This asymmetry was unexpected
and is not completely understood. The maximum temporal
envelope of a shaped waveform depends on the width and
the shape of the narrowest spectral feature, which in turn
depends on the laser spatial profile at the mask and on the
spatial filtering of light scattered from the edges of individ-
ual pixels on the mask.2 With a Gaussian spatial profile and
with the assumption that spatial filtering subsequent to the
mask eliminates all Hermite—-Gaussian spatial modes, ex-
cept for the fundamental Gaussian, the temporal envelope
will also be Gaussian and hence symmetric.8 The observed
asymmetry could arise from violation of either of these as-
sumptions. Indeed, we observed that the degree of asym-
metry was affected by adjusting the position and the aper-
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Fig. 6. Pulse trains generated using phase and amplitude masks.
(A), (C), (E) Phase masks consisting of five repetitions of a length 15
M-sequence code. (B), (D), (F) Amplitude masks constructed using
the same number of pixels and the same number of repetitions as in
(A), (C), and (E), respectively. The spectral window is 2.5 mm (6.6
THz) for (A)-(D), 5.0 mm (13.2 THz) for (E) and (F).

ture of an iris located after the pulse shaper and before the
cross-correlation setup.

B. Square Pulses

In this section we describe the generation of optical square
pulses several picoseconds in duration with rise and fall
times of the order of 100 fsec. The synthesis of square
pulses with 1-psec rise times was reported previously,” and
the inverse Fourier relationship, in which a rectangular spec-
trum produced a sinc function in time, was demonstrated in
Section 3. The square pulse is a particularly useful pulse
shape with potential application to nonlinear-optical me-
trology, coherent transient spectroscopy, and future all-op-
tical switching and digital communication systems. For ex-
ample, ultrafast square pulses would simplify measurements
of nonlinear-optical susceptibilities because the usual aver-
aging over the pulse temporal intensity profile could be
avoided. The square pulse has a complicated spectrum re-
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quiring an amplitude mask that varies continuously with
position. Furthermore, the combination of fast and slow
features (<100-fsec rise time, >2-psec pulse duration) ne-
cessitates patterning of the spectrum over a large dynamic
range. Thus generation of the square pulse provides infor-
mation about any symmetric pulse shape incorporating fem-
tosecond features into a several-picosecond envelope.

The spectrum of a square pulse of duration T is shaped as
a sinc function, given by

_ sin(7fT)
E(f) =E,T AT (2)
The corresponding mask is specified by
i /
M) = sin(wx/x,) @)
Wx/xo

where M(x) is the masking function, xo = (T8f/6x)~!, and &f/
0x = 2.63 THz/mm is the spatial dispersion. We implement
the desired masking function [Eq. (3)] by using both an
amplitude mask and a separate phase mask. The phase
mask, which imparts the required alternating sign to the
filter, is fabricated as before by reactive-ion etching of the
appropriate regions of the mask. The variable-transmission
amplitude mask consists of a series of opaque metal lines
with widths and spacings that are varied in order to obtain
the desired transmission.” If the laser spot size is larger
than the widths and spacings of the lines, the transmission
must be averaged over the local metal pattern, taking dif-
fraction effects into account.® After the mask, the electric-
field amplitude of the main undiffracted beam is given by

— <~—400um

Fig. 7. Photograph of an amplitude mask used for generating a
square pulse. Transparent regions are bright; opaque regions are
dark.
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Fig. 8. Power spectra for a square pulse: solid trace, measured

spectrum patterned by phase and amplitude masks; dotted trace, an
actual sinc function (as a function of wavelength).
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the incident amplitude multiplied by the fraction of the
mask area not covered by metal. The fraction of the intensi-
ty that is transmitted and not diffracted is the square of the
fraction of the transparent area.

Figure 7 shows a transmission photograph of an amplitude
mask. The bright parts of the photo are the transparent
regions; the metal regions are dark. The sinc function is
truncated after five sidelobes on each side of the central lobe;
the width x; of each sidelobe is 200 um, corresponding to 526
GHz. The pattern includes one opaque line every 20 pm;
the width of each line is varied in accordance with Eq. (3).
Outside the central lobe (lx| > x¢), a two-dimensional grid of
lines is utilized in order to increase the available dynamic
range. The minimum feature size (line or space) is 2 um.
The mask was prepared by evaporating a 2500-A titanium/
500-A gold film onto a fused-silica substrate, followed by
photolithographic patterning with a chemical etch to re-
move regions of unwanted metal. Before patterning was
conducted the transmission through the metal film was be-
low 10~ (in terms of intensity). Leakage through thinner
films with substantially higher transmission (e.g., ~1.4% for
300-A titanium/200-A gold) leads to extraneous and unde-
sirable features in the square-pulse data.

Figure 8 shows a semilog plot of a power spectrum pro-
duced over a 5.12-mm window, with x¢ = 160 um and with
both amplitude and phase masks in place. Fifteen sidelobes
are evident on each side of the central lobe, illustrating a
dynamic range approaching 1041, with an excellent signal-
to-noise ratio. The dotted trace is an actual sinc¢ function
(as a function of a wavelength). At the short-wavelength
extreme of the spectrum, we note a slight 0.1-nm shift be-
tween the data and the analytic sinc function. This shift
arises because of higher-order spatial dispersion (d2\/dx2),
which we have not accounted for in the mask design. Never-
theless, on the basis of the detailed control and the high
dynamic range apparent in the spectrum, we would antici-
pate that square pulses would be generated with excellent
fidelity.

A series of cross-correlation measurements of ultrafast
square pulses is shown in Fig. 9. The pulse durations are 1,
2, and 2.5 psec, corresponding to x¢ = 400, 200, and 160 pm,
respectively. For each xo, two square pulses are shown, the
first generated using a relatively narrow spectral window
and the second generated using a wider window that accom-
modates essentially the entire laser bandwidth. The rise
and fall times are found to be of the order of 100 fsec (after
accounting for the finite duration of the correlating pulse).
The ripple present on those square pulses produced using
the narrower windows arises because of the truncation of the
spectrum; with the wider windows, the ripple nearly disap-
pears. The ripple and the overshoot evident in the data are
in good qualitative agreement with calculations. This
agreement is illustrated by Fig. 10, which shows the theoreti-
cal intensity profile of the 2-psec square pulse shown in Fig.
9(C). This trace was obtained from the Fourier transform of
a truncated sinc function, with xo = 200 pm and with five
sidelobes per side. Square pulses with reduced ripple could
be obtained by avoiding truncation of the spectrum and by
instead using a more gentle spectral apodization.

Some discrepancies between data and theory do appear.
For example, in the data of Fig. 9(C), the overshoot on the
rising and falling edges is larger than expected, and the
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Fig. 9. Cross-correlation measurements of ultrafast square pulses: (A) pulse duration T' = 1.0 psec, sidelobe width x¢ = 400 um, number of
sidelobes (per side) N = 3; (B) T = 1.0 psec, xo = 400 um, N = 6; (C) T' = 2.0 psec, xo = 200 um, N = 5; (D) T = 2.0 psec, xo = 200 um, N = 12;
(E) T = 2.5 psec, xo = 160 um, N = 6; (F) T = 2.5 psec, %o = 160 pm, N = 15.
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Fig. 10. Theoretical intensity profile of the 2-psec square pulse
shown in Fig. 9(C).

ripple is not perfectly symmetric. Furthermore, many of -

the data exhibit a small shoulder in the region where the
intensity is falling to zero. These differences may be attrib-
uted to a number of factors that are not included in the
calculations. First, the laser spectrum is not flat, and the
spectral phase is not completely uniform, especially for the
wider spectral windows [Figs. 9(B), 9(D), and 9(F)]. Sec-
ond, the transmission of the amplitude masks does not pre-
cisely reproduce the specified sinc function, and the phase
masks typically deviate from the desired = phase shift by 1-
2%. Finally, as pointed out in reference to Fig. 8, we have
not corrected for the variation in 6f/6x as a function of
wavelength (estimated at ~4.4% over a 10-nm bandwidth).

5. CONSTRAINTS

Our pulse-shaping technique is based on linear filtering and
- is subject to various constraints common to any linear filter-
ing technique. Here we discuss constraints that govern the
complexity of the shaped waveform and the insertion loss of
the spectral filter.

The first constraint arises because of finite bandwidth and
spectral resolution. The shortest temporal feature that can

be realized, 8¢, is inversely related to the total bandwidth B
(Bt =~ 0.44), and the maximum temporal window T is in-
versely related to the finest achievable spectral feature &f
(8fT =~ 0.44). The number of distinct spectral features that
may be placed into the available bandwidth provides a use-
ful measure 7 of the complexity of the shaped pulse:

n = B/f. 4)

Because B/6f ~ T/st, n also describes the number of inde-
pendent temporal features that may be synthesized into a
waveform. This measure is related to the maximum time-
bandwidth product: BT =~ 0.445.28

Asdiscussed in Ref. 8, 6f is related to the spatial dispersion
and to the spot size associated with any single frequency
component. These quantities depend in turn on the angular
dispersion of the grating and the divergence of the input
beam. For gratings used at Littrow, 5 is given by

A T W (5)
A (In2)2 d cos(dy)

where A) is the bandwidth (in units of wavelength), W is the
¢! field radius of the input beam, d is the grating period,
and 64is the diffraction angle.® With the current setup (A =
620 um, A\ =~ 10 nm, W =~ 2mm, 1/d = 1700 mm™1, and 6, =~
35°), 5 is approximately 250, corresponding to a 14-psec
temporal window. If we assume a 3000-line/mm grating and
a 5-mm beam radius, we obtain =~ 2500! Full utilization of
such high 5 values will require fabrication of masks to tight
tolerances and correction for higher-order spatial-dispersion
terms.

The insertion loss of the pulse shaper arises because of
three separate mechanisms: (1) diffraction efficiency of the
gratings, (2) scattering from the edges of individual pixels on
the masks, and (3) attenuation imposed by amplitude
masks. When a diffraction efficiency of 80% per grating is
assumed, the first mechanism contributes a loss of 36% (2
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dB). Mechanism (2) becomes important only when the
number of pixels approaches 7 (i.e., when the pixel size
becomes comparable with the spot size of the individual
spectral components). For any particular mask, the energy
lost to scattering may be computed by using the formulas in
Ref. 8. As a concrete example, we consider a single repeti-
tion of a maximal length sequence of length P. The energy
lost depends mainly on »/P and not on Pitself. Forn/P=2,
we compute ~33% energy loss (1.7 dB) for code length P =
63 or P = 127; for /P = 1, we obtain =~57% loss (3.7 dB) for
the same values of P.

Mechanism (3) plays a role only when amplitude masks
areused. If 6¢;, and 8¢,y are the durations of the input pulse
and the shaped waveform, respectively, then the amplitude
mask transmits only 6t;,/8toy; (roughly) of the incident ener-
gy. Compared with the input intensity, the peak intensity
of the shaped pulse is reduced by the factor (8¢;,/0tout)2. Ifa
phase-only mask is used, there is no energy loss, except for
mechanisms (1) and (2); however, the peak intensity is re-
duced by 6t;,/0t oyt

6. SPECTRAL PHASE CODING OF
FEMTOSECOND PULSES

The ability to manipulate ultrashort pulses precisely will
lead to important applications in high-speed communica-
tions. We previously proposed!3 that encoding and decod-
ing of coherent ultrashort pulses could form the basis for a
code-division multiple-access (CDMA) optical telecom-
munications network, in which multiple access would be
achieved by assigning different, minimally interfering code
sequences to various subscriber pairs.! In particular, we
showed that coherent femtosecond pulses could be spread
into picosecond-duration pseudonoise bursts by impressing
pseudorandom phase codes onto the optical frequency spec-
trum, and we demonstrated that subsequent decoding of the
spectral phases would restore the original pulse. Below we
describe new results on encoding and decoding using M-
sequence phase codes. As pointed out in Subsection 4.A, M
sequences are widely utilized in spread spectrum communi-
cations, and their properties are well known.! Several of
these properties are particularly well suited to ultrashort
pulse CDMA.

A pseudorandom binary phase mask, patterned according
to a single repetition of a length 127 M-sequence code is
depicted in Fig. 11(A). The mask consists of a 2.5-mm (6.6-
THz) clear aperture divided into 127 equal pixels, each of
which contributes a phase shift of either 0 or v. Using M
sequences, we can generate a large set of minimally interfer-
ing code sequences. Any cyclic shift of the original M se-
quence results in a new M sequence. In this way, P distinct
codes may be obtained, where P is the length of the se-
quence. Cross-correlation measurements of encoded wave-
forms are shown in Figs. 11(B) and 11(C) for two different
shifts. As seen, spectral phase coding spreads incident 75-
fsec pulses into complicated pseudonoise bursts, filling 20-
psec envelopes. Although the details of Figs. 11(B) and
11(C) are completely different, the duration and the com-
plexity of these two waveforms are similar, Comparable
results will be obtained by using any other cyclic shift of the
mask. Previously we demonstrated spectral phase coding
using a 44-element mask (not an M sequence) and obtained a
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Fig.11. Spectral phase coding. (A) Binary phase mask patterned
according to a length 127 M sequence. The pattern is 2.5 mm wide,
and the vertical axis corresponds to transmission of +1 or —1 (phase
shift of 0 or ). (B), (C) Cross-correlation measurements of pseudo-
noise bursts generated using different shifts of the above mask. For
(B), the mask was cyclically shifted 63 pixels to the right; for (C), the
shift was 10 pixels. The intensity scale for the cross correlations is
referenced to the intensity of a similarly windowed uncoded pulse.

coded noise burst of =7 psec in duration.’® Our current
data occupy a broader time window and exhibit greater
complexity because of the larger number of pixels in the
phase mask.

Pseudonoise bursts generated in this way can be decoded
back into coherent ultrashort pulses by placing a second
phase-conjugate mask adjacent to the first phase mask.
The phase-conjugate mask undoes the phase scrambling im-

~ posed by the first mask, thus restoring the initial pulse. We

have performed autocorrelation measurements that demon-
strate that pseudonoise bursts, as shown above, can be trans-
formed back into femtosecond pulses, with no broadening
compared with uncoded pulses windowed to the same spec-
tral width. These autocorrelations are similar to previously
published data,'® which show the autocorrelation of a pulse
encoded and decoded by using 44-element phase masks, and
therefore are not presented here.

When the second mask does not match the first, the spec-



Weiner et al.

tral phases are rearralfged but not unscrambled. The resul-
tant spectral phases are patterned according to the product
of the two phase masks; when these masks correspond to two
different shifts of a single M sequence, the product corre-
sponds to yet another shift of the same M sequence! Thusa
CDMA system using M-sequence phase masks will possess a
useful closure property: the set of unsuccessfully decoded
waveforms is identical to the set of encoded waveforms.
This ensures that any unsuccessfully decoded pulse will
have the same low-intensity pseudonoise behavior as the
encoded pulses.

Autocorrelation measurements of two pseudonoise bursts
that result from unsuccessful decoding are shown in Fig. 12.
Both traces are plotted on a vertical scale ranging from zero
to 0.008, relative to the peak autocorrelation signal from a
properly decoded pulse. This intensity reduction could be
used in a CDMA system to discriminate between correctly
and incorrectly addressd information.!1330 Both autocorre-
lation traces contain a coherence spike riding upon a broad
pedestal, as appropriate for a noise burst.3! The observed
contrast ratios are ~1.4:1, in agreement with numerical cal-
culations and significantly lower than the 2:1 contrast ratio
expected when the field is a Gaussian random variable.
Thus these pseudonoise bursts produced by spectral phase
coding with M sequences are smoother and less peaked than
Gaussian noise bursts obtained, for example, from imper-
fectly mode-locked lasers.3! We also note that the two auto-
correlations plotted in Fig. 12 are nearly identical, although
they correspond to pseudonoise bursts with completely dif-
ferent details. This observation points to the common sta-
tistical behavior of pseudonoise bursts encoded using M
sequences from the same family.

The discussion above is aimed at the case of single pseudo-
noise bursts, arriving one at a time. The performance of an
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Fig. 12. Autocorrelation measurements of improperly decoded
pseudonoise bursts. The encoding mask is shown in Fig. 11(A); the
decoding masks are shifted versions of the phase conjugate of Fig.
11(A). (A) Shifted cyclically 63 pixels to the right. (B) Shifted 10
units to the right. The intensity scale for autocorrelations is refer-
enced to the autocorrelation peak of a properly decoded pulse.
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actual CDMA system will depend on interference caused by
a (variable) number of such pseudonoise bursts superim-
posed in time. The statistics of this interference will be
analyzed elsewhere.3? The results included here indicate
some of the tantalizing possibilities for new communications
techniques based on frequency-domain manipulation of ul-
trashort light pulses.

7. SUMMARY

In this paper we have demonstrated the ability to manipu-
late femtosecond pulse shapes according to specification.
Pulse shaping is achieved by spatially filtering optical fre-
quency components spatially dispersed within a temporally
nondispersive grating apparatus. Our apparatus permits
realization of a wide and nearly arbitrary range of linear
filters. We are able to pattern spectra over a high dynamic
range (=~10%) and with good resolution. Resolutions in
excess of 1000 should be attainable. We anticipate that
real-time pulse shaping can be achieved by replacing the
prefabricated masks used in the current work with high-
speed multielement modulators. By utilizing a mask fabri-
cated from a nonlinear material, our technique may be ex-
tended to perform nonlinear spectral filtering. Nonlinear
filtering would provide the ability to perform pulse-shaping
operations, such as time reversal, that are not possible with
linear filtering.

The application of arbitrarily shaped pulses to communi-
cations and to spectroscopy will offer new opportunities and
unprecedented flexibility in experimental design. In spec-
troscopy the ability to tailor the complex field amplitude
and to synthesize special sequences of pulses will permit
application of powerful coherent transient techniques on a
subpicosecond time scale. In optical communications the
application of parallel modulation in the frequency domain
will translate into effective serial modulation rates in the
terahertzrange. Asone example we discussed encoding and
decoding of femtosecond pulses as the basis for ultrashort
pulse CDMA. Other applications may include pulse-posi-
tion modulation on a picosecond and subpicosecond time
scale, dense wavelength-division multiplexing, and parallel-
to-serial conversion.
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