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Abstract—Storage, recall, and processing of shaped femto-
second waveforms are achieved by performing spectral holog-
raphy within a femtosecond pulse shaping apparatus. Time re-
versal, as well as correlation and convolution, of femtosecond
temporal signals are demonstrated. Applications of this tech-
nique to matched filtering, dispersion compensation, encryp-
tion and decoding, and femtosecond waveform synthesis are
also discussed. Our work extends the powerful principles of
holographic signal processing, which have been used exten-
sively for pattern recognition and filtering of two-dimensional
spatial signals, to the femtosecond time domain.

I. INTRODUCTION

EMPORAL shaping of ultrashort light pulses was

previously achieved by phase and amplitude filtering
of optical frequency components spatially dispersed within
a simple grating and lens assembly [1]-[5]. By means of
this technique, femtosecond pulse waveforms were spe-
cially synthesized for studies involving pulse coding for
spread spectrum communications, [3], {6] dark soliton
propagation in fibers, [7] all-optical switching, [8] fiber
dispersion compensation, [9] measurement of ultrashort
pulse shapes, [10] and ultrafast spectroscopy [11]. Other
related pulse shaping techniques have also been reported
[12]-[16] and applied [15], [17]. In all of these methods,
pulse shaping is accomplished by linear filtering of the
individual optical frequencies which compose incident ul-
trashort pulses. Thus, given knowledge of the input pulse,
a specified output waveform can be generated by imple-
menting the appropriate linear filter.

Despite the power of these techniques, certain basic
signal processing operations, such as time reversal, cor-
relation, and convolution of independently varying wave-
forms, cannot be performed by means of linear filtering.
Similarly, if the input pulse is not specified, then the lin-
ear filter needed to produce a desired output cannot be
calculated. Operations such as these require nonlinear fil-
tering. In this paper we demonstrate a frequency domain
holographic processing technique which allows nonlinear
filtering, time reversal, correlation, and convolution of
femtosecond pulse waveforms. Holographic techniques
have been widely used in the spatial domain for storage
and recall of images and to perform signal processing op-
erations such as correlations for pattern recognition ap-
plications [18]. Our aim is to harness the powerful prin-
ciples of holographic signal processing for the use in the
ultrafast time domain.
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Several techniques have been put forth for storage, re-
call, and processing of ultrafast optical waveforms. The
use of degenerate four-wave mixing to achieve time-re-
versal of amplitude- (but not phase-) modulated pulses has
been proposed, [19] but to our knowledge has not yet been
tested. Several workers have demonstrated storage and
processing of optical pulses via spectral hole burning and
photon echoes in inhomogeneously broadened resonant
absorbers, which are usually held at cryogenic tempera-
tures [20]-[25]. In some cases femtosecond operation has
been achieved {23], [24]. This technique requires that the
laser wavelength coincide with the absorption line and is
subject to some restrictions imposed by causality. A full
discussion of pulse processing via photon echoes and its
relation to spectral holography is given in the article by
Silberberg in this issue [26]. Finally, some simple ex-
amples of storage and recall of femtosecond pulses using
time domain holography were recently reported [27], [28].

Storage and reconstruction of shaped ultrafast wave-
forms by holographic recording of spatially dispersed op-
tical frequency components was proposed by Mazurenko
[29]. Unlike the photon echo method, this technique can
utilize spectrally nonselective media, does not require
cryogenic temperatures, and is not subject to the same
causality conditions. In this paper we report such holo-
graphic storage and read out of shaped femtosecond
pulses, which we achieve by performing spectral holog-
raphy within a femtosecond pulse shaping apparatus [30].
Our results demonstrate time reversal and processing, as
well as storage and subsequent read out, of femtosecond
optical waveforms.

The body of this paper is structured as follows. In Sec-
tion II we discuss the experimental setup and the basic
principles. Section III describes the experimental results.
In addition to time reversal, correlation, and convolution
operations, additional operations, such as matched filter-
ing of femtosecond waveforms, encrypted femtosecond
data storage, and femtosecond waveform synthesis, are
also demonstrated. Further discussion and indications of
further applications are included in Section IV. In Section
V we conclude.

II. EXPERIMENTAL SETUP

Femtosecond spectral holography may be considered a
temporal analog of traditional spatial-domain Fourier-
transform holography. In traditional holography infor-
mation on a spatially patterned signal beam is recorded as
a set of fringes arising due to interference with a spatially
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uniform reference beam. Subsequent illumination of the
hologram with a uniform test (or read out) beam recon-
structs either a real or conjugate image of the original sig-
nal beam, depending on the geometry. In our time domain
work, the reference is a short pulse with a broad and reg-
ular spectrum. The signal is a shaped pulse with infor-
mation patterned onto the spectrum. During holographic
recording the complex amplitude of each signal pulse
spectral component is stored as a series of fringes arising
due to interference with the corresponding spectral com-
ponent from the reference pulse. Subsequent illumination
with a short test pulse produces either a real or a time-
reversed (conjugate) replica of the original signal pulse,
again depending on the geometry. Illumination with a
temporally shaped pulse results either in the correlation
or the convolution of the test and signal waveforms, again
in analogy with traditional, spatial domain holography.

Our spectral holography setup is shown schematically
in Fig. 1 [30]. The basic layout is identical to the arrange-
ment used previously for shaping of femtosecond pulses
[5]. The apparatus consists of a pair of diffraction gratings
placed at the outside focal planes of a unit-magnification
confocal lens pair. The first grating and lens spatially dis-
perse the individual optical frequency components con-
tained within incident femtosecond pulses (along a direc-
tion we denote as x). Maximum spectral resolution is
obtained at the plane midway between the lens pair. In
the conventional pulse shaping apparatus described in our
previous work, a patterned mask [5] or a multielement
modulator array [31], [32] was placed in this plane in or-
der to control the phases and amplitudes of the spatially
dispersed frequency components. After the second lens
and grating recombined the individual frequencies into a
single collimated beam, the output pulse shape was given
by the Fourier transform of the pattern transferred from
the mask onto the spectrum. In the current paper the pre-
patterned mask is replaced by a thin holographic medium;
and in order to record a spectral hologram [Fig. 1(a)] two
beams, a shaped signal pulse and a short reference pulse,
are incident onto the apparatus. Prior to the pulse shaper,
reference and signal beams are set for parallel but non-
collinear propagation, with zero relative time delay. The
first grating and lens spread frequency components from
both beams along x. The lens causes the spectrally dis-
persed reference and signal beams to intersect on the ho-
lographic plate, forming interference fringes along the y
direction. Recording these fringes in the holographic me-
dium forms a spectral hologram, in which the amplitude
and phase of each spectral component of the incident sig-
nal beam is encoded in terms of the amplitude and spatial
phase of the grating present at the corresponding position
along x.

After recording, spectral holograms were read out by
using a single test beam [Fig. 1(b)]. The individual fre-
quency components of the test beam are first spread spa-
tially and then impinge on the spectral hologram. Each
spectral component diffracts off that part of the hologram
containing phase and amplitude information correspond-
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Fig. 1. Schematic illustration of the apparatus for femtosecond spectral
holography. (a) Setup for recording the spectral hologram. Only the front
half of the pulse shaping apparatus is shown. The expanded view of the
spectral hologram illustrates one possible interference pattern between
spectrally dispersed signal and reference beams. (b) Setup for reading out
the spectral hologram.

ing to the same frequency component from the signal
beam. All the diffracted frequencies are then recombined
into a single beam; at this point the reconstructed field
E,.:(w) can be written roughly as follows:
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Here E,(w), E,(w), and E,(w) are the complex spectral
amplitudes of the test, reference, and signal fields, re-
spectively, and k,, k,, and k, are the propagation vectors
of these beams just prior to the hologram. Equation (1)
assumes that the recording is linearly proportional to ex-
posure and neglects effects due to the finite spectral res-
olution of the pulse shaping apparatus. Because a thin ho-
lographic medium is used, Bragg matching is not re-
quired, and diffraction occurs in both the K, and K, direc-
tions. The envelopes of the reconstructed output pulses
are given by the Fourier transform of (1), as follows:

Cout() ~ e, (1) * e, (—1) * es(t)eiEl';

_ . 2
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where ey (£), €:(1), e,(t), and e (¢) are the complex elec-
tric field amplitudes of the output, test, reference, and sig-
nal beams, respectively, and the * sign denotes convolu-
tion. When both test and reference beams consist of
unshaped pulses with durations short compared to the du-
ration of the shaped signal pulse, the first term in (2) rep-
resents a real reconstructed signal pulse (eq, (f) ~ €;(2)),
emerging from the hologram in the K, direction, whereas
the second term signifies a time-reversed reconstruction
(eom(t) ~ e€,(—1)), propagating along K,. In both cases
the sharpest temporal features of the original signal pulse
may be blurred due to the convolution with test and ref-
erence pulses. Furthermore, if the test beam itself consists
of a shaped pulse, then in the K, direction the recon-
structed output waveform is given by the convolution of
test and signal waveforms, while in the K, direction the
reconstructed pulse is equal to the correlation of test and
signal waveforms. Note that these convolution and cor-
relation operations involve electric field amplitudes, as
opposed to intensity correlations commonly measured,
e.g., by second harmonic generation.

The overall experimental setup is sketched in Fig. 2.
Input pulses, typically 75 fs in duration at a 0.62 pm
wavelength and a 120 MHz repetition rate, were obtained
from a colliding-pulse mode-locked (CPM) dye laser [33].
The reference pulse is taken directly from the CPM laser;
the signal beam is temporally shaped by spectral masking
in a second, auxiliary pulse shaping apparatus. A 128 ele-
ment liquid crystal phase modulator within the second
pulse shaper makes possible reconfiguration of the signal
waveform under computer control [32]. A stepper motor
. driven translation stage is used to adjust the relative delay
between reference and signal beams at the input to the
holographic shaping apparatus (usually the delay is set to
zero). The holographic shaper consists of a pair of 600-
line /mm gratings placed at the outside focal planes of a
pair of 50 mm focal length, f1.4 camera lenses. A ther-
moplastic plate [34] placed midway between the lenses
serves as a thin holographic medium. The spectral dis-
persion of the holographic shaping apparatus is given by
ox /8N = f/d cos 6,, where f, d, and 6, are the focal
length, grating period, and diffracted angle, respectively.
Experimentally 8, = 60° and 6x/6\ = 0.06 mm /nm.
The spectrally dispersed reference and signal beams in-
tersect on the thermoplastic plate, making a full crossing
angle of 20° in the y direction in order to match the spatial
frequency response of the thermoplastic plate. The inter-
section region extends ~ 0.6 mm along x (for a typical 10
nm bandwidth) and ~27 um along y. Holograms were
written on the thermoplastic plate using a Newport Corp.
Model HC-3000 holographic recording system. Expo-
sures energies were on the order of 4 nJ total (split 1.6: 1
between reference and signal), corresponding to a fluence
of ~2.4 x 107° J/cm’ in a 4 ms exposure time. The
diffraction efficiency was typically in the vicinity of 10%.

For read out we reused either the original reference or
signal beam as the test beam. The beam not used as the
test is blocked during read out. When the test beam is
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Fig. 2. Overall experimental apparatus.

collinear with the original reference (k, = k,), we look at
the real reconstructed beam emerging along k; the other
diffracted beam along 2k, — k, misses the second camera
lens and is lost. Similarly, when k, = k,, we examine the
time-reversed diffracted beam along k,. Note that the lig-
uid crystal modulator used to control the signal waveform
can be reprogrammed before read out. Thus, a test beam
along k, can be set to the original signal waveform, to a
short 75 fs pulse, or to a new and different waveform. The
temporal profiles of the reconstructed waveforms were
determined by performing intensity cross-correlation
measurements with 75 fs pulses directly out of the CPM
laser (using second harmonic generation in the noncol-
linear geometry). Optical power spectra were monitored
by directing the reconstructed beams to a 0.32 m spec-
trometer and an optical multichannel analyzer.

III. EXPERIMENTAL RESULTS

In this section we report on a series of several experi-
ments showing femtosecond waveform processing by
spectral holography. Our results demonstrate storage, re-
call, and time reversal of shaped pulses, as well as cor-
relation and convolution of pairs of shaped waveforms.
Furthermore, we demonstrate the use of spectral holog-
raphy to perform matched filtering (an operation inti-
mately related to pattern recognition) of femtosecond
pulse waveforms. Finally, we present data indicating the
ability to synthesize trains of femtosecond pulses by mul-
tiple exposures of the hologram.

A. Storage, Recall, and Time Reversal of Time-Delayed
Pulses

As a first simple example, we describe the results of
experiments in which signal pulses were not shaped but
were delayed by various amounts with respect to the ref-
erence beam [30]. In separate measurements, spectral
holograms were recorded for signal pulses delayed by O,
1, and 2 ps, respectively, under stepper motor control.
Fig. 3(a) shows real reconstructed pulses resulting when
each of these spectral holograms is read out with a short
test pulse with k, = k,. The pulse arrival times are iden-
tical to those of the original signal pulses. Fig. 3(b) shows
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Fig. 3. Reconstructed waveforms from four separate spectral holograms.
The holograms are recordings of short (unshaped) signal pulses delayed by
0, 1,2 and 3 ps, respectively, as noted on the figure. (a) Real reconstructed
pulses read out with k, = %,. (b) Time-reversed pulses read out with k, =

s

measurements of time-reversed pulses obtained by read-
ing out with short test pulses with k, = k,. The pulse ar-
rival times are now opposite those of the original signal
pulses. These data demonstrate the ability to record spec-
tral holograms and to reconstruct real and as well as time-
reversed replicas of the original signal.

The durations of the cross-correlation traces in Fig. 3
are on the order of 170 fs full width at half maximum
(FWHM). Taking into account the 75 fs duration of the
probe pulses employed in the cross-correlation measure-
ment, this corresponds to a duration on the order of 150
fs FWHM for the reconstructed pulses. This modest
broadening with respect to the input pulses can be under-
stood on the basis of (1) and (2). Equation (1) shows that
the reconstructed spectrum E,,, () is narrowed due to the
multiplication of the test, reference, and signal spectral.
Conversely, (2) predicts that the temporal duration of the
output pulse will be broadened because of the convolution
of test, reference, and signal pulses. For the case of
Gaussian pulse shapes, the convolutions indicated in 2)
would lead to broadening by a factor of +/3, in rough
agreement with the data. We remark that in some cases
we were able to obtain shorter reconstructed pulses, ~ 120
fs in duration. Such variations in the reconstructed pulse-
widths may result from different exposure conditions for
holographic recording. For example, if the hologram is
overexposed, the amplitude of fringes recorded at the peak
of the optical spectrum saturates, and the spectral holo-
gram is actually broadened. This would result in recon-
structed pulses with an increased spectral width and hence
with a narrower temporal duration.

We also note from Fig. 3 that the intensities of recon-
structed pulses fall off for time delays of 2-3 ps. This
occurs because signals which occupy a temporal window
exceeding the inverse of the available spectral resolution
cannot be effectively recorded. For our current setup with
600 line /mm gratings, the resolution is ~ 1 A, corre-
sponding to a temporal window of ~ 5 ps FWHM, in rea-

sonable agreement with the data. Physically, the spectral
resolution is set by the finite spot size of individual optical
frequency components at the plane of the hologram and
by the spectral dispersion 6x /8 \; improved spectral res-
olution can be obtained by increasing the angular disper-
sion of the gratings and the input beam size. The spectral
resolution available within a pulse shaping apparatus has
been discussed in some detail in previous publications {51,
[35].

In order to elucidate the way the signal pulse is stored
as a spectral hologram, we digress to discuss the fringe
patterns recorded for the delayed signal pulses of Fig. 3.
We recall that if ¢,(s) and E, (w) are a Fourier transform
pair, then the delayed signal e, (r — 7) is the Fourier trans-
form of E, (w) exp (—iw7). Thus, a delay in the time do-
main corresponds to a phase shift which is linear with fre-
quency and proportional to the delay. As a result, a delay
in the signal pulse with respect to the reference pulse will
cause a tilt in the fringe pattern at the hologram plane. In
order to verify this point, we imaged fringe patterns cor-
responding to different signal pulse delays onto a CCD
array and observed them on a monitor. Fig. 4 shows pho-
tographs of the display on the monitor for delays of 0, 6,
and —6 ps. For zero delay (r = 0), the fringes are parallel
with respect to the horizontal alignment line, and the
fringe visibility is quite good. Note that the magnification
is such that only a very small portion of the fringe pattern
fits onto the photographs. The width of the photographs
corresponds to 36 um along the x direction of Fig. 1,
equivalent to a spectral width of 1.2 A. For r = 6 ps
(middle photograph), a tilt in the fringe pattern is clearly
evident. The amount of phase shift is roughly one half a
fringe over the 1.2 A bandwidth of the photograph. Since
AN = 1.2 A implies Av = 0.094 THz, where » = /27
is the optical frequency, for a 6 ps delay we expect a shift
equal to Avr = 0.56 fringes, in good agreement with the
data. For 7 = —6 ps, the fringes tilt by the same amount
but in the opposite direction compared to the 7 = 6 ps
photograph, again as expected. Also, we could clearly
observe that the fringe visibility for 7 = +6 ps was de-
graded compared to that for 7 = 0 (note that the fringe
visibility could be more easily discerned from the real-
time display than from the photographs reproduced in Fig.
4). The reduction in fringe visibility is expected, of
course, because the 6 ps time delay exceeds the inverse
of the available spectral resolution, or equivalently be-
cause the fringe pattern shifts appreciably within a band-
width equal to the spectral resolution.

B. Storage, Recall, and Processing of Shaped
Waveforms

We now demonstrate holographic storage and read out
of a complex, shaped waveform [30]. As an example we
consider a signal pulse distorted by a cubic spectral phase
modulation. The signal pulse was shaped by using the lig-
uid crystal phase modulator [32] in the auxiliary pulse
shaper to generate a cubic spectral phase modulation of
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Fig. 4. Photographs of the interference pattern between spectrally dis-
persed signal and reference beams. The photos correspond to short (un-
shaped) pulses delayed by 0, 6, and —6 ps, respectively, with respect to
the reference pulses. Note the tilt in the fringe pattern which arises for
nonzero delay.

1=+6 ps

the form ¢ = —0.20(v — v,)’. Here ¢ is the phase in
radians, v is the optical frequency in units of THz and »,
is the center frequency. An intensity cross-correlation
trace of the input signal pulse is plotted in Fig. 5(a). The
spectral phase modulation leads to a complicated, non-
symmetric pulse distortion in the time domain. The most
prominent effect is the appearance of long oscillatory tail;
in addition, the main peak near ¢ = 0 is slightly
broadened, delayed and reduced in amplitude. Deviations
from an exact cubic spectral phase dependence cause a
slight irregularity in the shape and the depth of the oscil-
latory modulation. Distortion due to cubic phase variation
is an important effect for ultrashort pulse propagation in
optical fibers at the so-called zero dispersion wavelength,
[36] for chirped-pulse amplification, [37] and for
compression of femtosecond pulses to durations below
10 fs [38].

Fig. 5(b) and (c) shows intensity cross-correlation mea-
surements of reconstructed pulses obtained by using k, =
k, and k, = k,, respectively. The test pulses were in both
cases unshaped pulses ~ 75 fs in duration. As in the case
of Fig. 3, the reconstructed pulses correspond to real and
time-reversed replicas of the original distorted signal
pulse, respectively. In the time-reversed case, the oscil-
latory tail appears before rather than affer the main initial
peak; furthermore, the main peak is found before ¢ = 0
in the time-reversed data [Fig. 5(c)], whereas the main
peak is slightly after z = 0 in the input signal [Fig. 5(a)]
and in the real reconstructed output [Fig. 5(b)].

By using shaped test pulses, we can also demonstrate
more complex signal processing operations. The second
term in (2), proportional to e,(f) * e,(r) * e, (—1), corre-
sponds in the time domain to the correlation of the test
and signal waveforms, convolved with the reference.
Since the reference is essentially an impulse function, the
convolution has little effect; thus, the reconstructed wave-
form is essentially the temporal correlation between e (1)
and ¢,(?). Fig. 5(d) shows the reconstructed waveform in
the K; direction resulting when the test pulse is identical
to the input signal pulse. In this case the quantity
E,(w)E () is essentially unity, since E, () and E,(w) are
modulated only in phase. The output waveform, which is
the field autocorrelation of the signal waveform, is a short
and featureless femtosecond pulse, without the distortion
present in the input [Fig. 5(a)]. Furthermore, because all
the energy now resides in a single pulse, the peak inten-
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Fig. 5. Intensity cross-correlation measurements, showing holographic
storage and recall of a signal pulse distorted via cubic spectral phase mod-
ulation. The curves are individually normalized for the same height. (a)
Input signal pulse. (b) Real reconstructed output pulse (k, = &,). (c) Time-
reversed output pulse (k, = k,). (d) Autocorrelation of the signal field,
obtained using a test pulse identical to the signal pulse (with k, = k,). The
peak is actually 1.6 X stronger than that in (c). (e) Time-reversed autocon-
volution of the signal field, obtained using a test pulse time-reversed with
respect to the signal pulse (with k, = k). The peak is actually 2 X weaker
than that in (c).

sity in Fig. 5(d) is 60% higher than that of the real recon-
structed pulse [Fig. 5(b)]. This result illustrates the use
of spectral holography to generate matched filters for fem-
tosecond pulse waveforms, a topic which we will discuss
at greater length below.

We can also demonstrate cross-correlations of non-
identical test and signal waveforms. Fig. S5(e) shows the
output pulse which occurs when the liquid crystal modu-
lator is reprogrammed so that the test pulse experiences a
spectral phase modulation equal and opposite to that of
the signal pulse. In this case the test waveform is itself a
time-reversed version of the signal; therefore, the output
in the K, direction is the autoconvolution of a time-re-
versed version of the original signal waveform. The au-
toconvolution operation results in an effective cubic phase
modulation twice as large as that on the original signal.
The results are clearly evident in the data. The oscillatory
tail now extends for longer than 3 ps, compared to ~ 1.5
ps for the original signal waveform, and the main pulse
is broadened from ~ 150 to ~ 250 fs. Note that the ability
to perform the convolution operation is intimately tied to
the ability to generate time-reversed waveforms. Since
time-reversal of ultrashort waveforms cannot be per-
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formed using the standard techniques of ultrafast optics,
neither can convolution operations. Holographic tech-
niques, such as the one reported here, are to our knowl-
edge the only means for performing time-reversal and
convolution operations on ultrashort optical pulses.

C. Matched Filtering of Femtosecond Waveforms

Matched filtering is a powerful signal processing op-
eration with applications to pattern recognition and pulse
compression. One well known example in optics is the
VanderLugt correlator, [39] which compares a two-di-
mensional spatial image with a desired target, by passing
the input image through a filter matched to the target.
Matched filtering is also an integral part of chirped radar
and fiber-and-grating optical pulse compression; in both
cases all the energy in a long, frequency-swept input pulse
is compressed by the matched filter into a short and in-
tense, transform-limited output pulse. Below we discuss
the use of spectral holography to generate matched filters
for femtosecond optical waveforms. Examples include
decoding of low intensity, phase-coded pseudonoise bursts
into intense femtosecond pulses and recovery of femto-
second waveforms stored in an encrypted format.

1) Encoding and decoding of femtosecond pulses: We
previously demonstrated spectral phase coding and de-
coding of femtosecond pulses by using fixed, microlith-
ographically fabricated masks [31~[5]. Encoding was
achieved by placing a pseudorandom binary phase mask
at the filtering plane of a pulse shaping apparatus. By
scrambling the phases of the various frequency compo-
nents contained within the incident femtosecond pulse, the
mask converted the incident pulse into a low intensity,
picosecond-duration, pseudonoise burst. Decoding was
achieved by using a second prefabricated mask (consti-
tuting a phase conjugate or matched filter for the first) to
unscramble the spectral phases and restore the original
pulse. The intensity contrast between such coded and de-
coded pulses has been proposed as the basis for a code-
division multiple-access optical communications network
[31, [6].

We have now demonstrated the use of spectral holog-
raphy to produce matched filters for incoming femto-
second waveforms. Encoded signal pulses were first gen-
erated by using a pseudorandom phase mask patterned ac-
cording to a length-31 M-sequence [40], and a spectral
hologram of the encoded signal pulse was then recorded.
Matched filtering operation was demonstrated by reading
out the spectral hologram with various test waveforms
(using k, = k, and looking in the K, direction). Typical
data are shown in Fig. 6. Figure 6(a) shows the 2 ps pseu-
donoise burst which results when the spectral hologram is
read out by using an unshaped test pulse, and Fig. 6(b)
shows the decoded pulse which results when the test
waveform is the same as the original signal. In the latter
case the test is recompressed by the spectral hologram into
a featureless, ~ 100 fs pulse, with a quite obvious in-
Crease in intensity. Both the duration and the intensity of
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Fig. 6. Intensity cross-correlation measurements of encoded and decoded
pulses. These traces are obtained by using various test pulses to read out
the spectral hologram of a signal pulse encoded using a pseudorandom phase
mask. The output is examined in the K, direction. (a) Encoded pulse read
out by using an unshaped test pulse. (b) Decoded pulse read out by using
a test waveform identical to the original signal waveform. (c) Pulse result-
ing when signal, test, and reference beams are all short (unshaped) fem-
tosecond pulses, plotted for comparison with (b). (d) Output waveform
resulting when the original spectral hologram is read out with a coded test
waveform different than the original coded signal beam. In this case de-
coding is not achieved.

the recompressed pulse are comparable to that obtained
when signal and test beams are both unshaped fsec pulses
[plotted for reference in Fig. 6(c)]. The recompressed
pulse does exhibit some residual energy in the wings,
which may result due to nonlinearity and/or nonuniform-
ity in the process of recording the spectral hologram and
due to spurious amplitude modulation which occurs when
phase jumps occur within a bandwidth smaller than the
spectral resolution [35] of the shaping apparatus. Finally,
Fig. 6(d) shows the output waveform obtained when the
original spectral hologram is read out with a coded test
waveform different than the original signal waveform (the
mask used for coding was slightly repositioned within the
optical spectrum, by one mask pixel, before read out).
The waveform is once again a low intensity pseudonoise
burst, demonstrating that no strong correlation peak re-
sults when the input waveform is not matched to the filter.

The data above are similar to those obtained previously
by using fixed phase masks [3], [5). There are however
several differences. First, in order to simplify the setup,
in previous experiments coding and decoding masks were
placed back to back within a single pulse shaping appa-
ratus. In the current work, in which coding and decoding
are performed in separate shaping apparata, the results
more realistically demonstrate true matched filtering. Sec-
ond, and more importantly, holographic decoding (as well
as other holographic signal processing operations) is self-
aligned. Unlike the case of fixed masks, for which the
spectral dispersion of the two pulse shapers and the po-
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sitions of the coding and decoding masks would have to
be precisely matched, the holographic pulse shaper auto-
matically produces a spectral hologram matched to the in-
coming signal. Finally, although not demonstrated in the
current experiments, we note the possibility of storing
multiple matched filters within the same spectral holo-
gram by means of angular multiplexing. In that scenario
different waveforms could be stored by varying the fringe
period (in the y direction). This would allow simultaneous
correlation of an incoming waveform with multiple stored
templates; each correlation would correspond to a differ-
ent diffracted direction.

2) Storage and read out of encrypted femtosecond
waveforms: We have also performed experiments dem-
onstrating the ability to store encrypted femtosecond
waveforms and subsequently to recover the original, un-
scrambled data. Consider a signal field with a spectrum
given by Es (0)) = Edata (w) Enoise ((x)), where Edata (“’) and
E i (w) correspond to the desired waveform and a pseu-
dorandom phase code, respectively. The data waveform
can be recovered from a spectral hologram of E(w) by
using a test field given by E,(w) = Ejgis (w). In that case
the waveform read out from the hologram in the X, direc-
tion (assuming a short reference pulse with a broad spec-
trum) is Epy (@) ~ Egaa (@)| Enoise ()], Which reduces to
Eua (w) if the encrypting field E, ;. (w) is purely phase
modulated. On the other hand, if the encrypting field is
not known, the data waveform cannot be recovered.

We have demonstrated this concept as follows. Two
separate phase masks were placed within the pulse shaper
used for generating the signal beam. One, which cor-
responds to Eg (@), contains the same length-31
M-sequence, pseudorandom phase mask used in Section
III-C-1. The second mask, corresponding to Egy, (w),
contains a 7 phase shift at the center of the spectrum but
is otherwise featureless. In the time domain the data mask
alone generates a pulse doublet with a null at ¢ = O [see
Fig. 7(a)]; this waveform is termed an ‘‘odd pulse’” be-
cause the field is antisymmetric in time [2], [5]. A spec-
tral hologram corresponding t0 Egy, (@) Engise (w) is re-
corded and then read out with various test waveforms.
When the test waveform is identical to the encrypting
waveform (E,(w) = E,i(w)), the odd pulse is recovered
[Fig. 7(b)}. On the other hand, when the test beam is either
an unshaped pulse [Fig. 7(c)] or a shifted version of
E,ise (@) [Fig. 7(d)], the odd pulse is totally obscured.
These data demonstrate holographic storage of femto-
second waveforms in a scrambled format. Retrieval of the
original waveform can be accomplished only with knowl-
edge of the code used for scrambling.

D. Waveform Synthesis by Spectral Holography

Another application of spectral holography is for syn-
thesizing desired femtosecond waveforms or pulse trains.
The idea is to use spectral holography as a means of re-
cording a linear filter which will reshape a known input
pulse into the desired output waveform. This could be
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Fig. 7. Intensity cross-correlation measurements showing storage and re-
call of encrypted femtosecond waveforms. The spectral hologram contains
the product of the desired spectral data and a pseudorandom spectral code
used for encryption. Data are read out in the K, direction. (a) Measurement
of a femtosecond ‘‘odd’’ pulse, corresponding to the desired data. No en-
crypting code was used. (b) Waveform resulting when the encrypted spec-
tral hologram is read out with a test pulse identical to the encrypting spec-
tral code. The stored data are recovered. (c) Read out with a short, unshaped
test pulse. The desired data are scrambled. (d) Read out with a test pulse
corresponding to a shifted version of the encrypting code. Again, the data
are obscured.

used either to store and replicate an existing femto-
second waveform and its corresponding pulse shaping fil-
ter (as in Sections III-A and B) or as a convenient means
to generate a new filter for a pulse shape not previously
available.

Let us compare our standard pulse shaping technique
[5] with pulse shaping via spectral holography. Within
some broad limits, a standard pulse shaping setup using
spatially patterned masks is sufficient to generate any de-
sired pulse shape, provided that gray-level control of both
the spectral amplitudes and the spectral phases is avail-
able. This can and has been achieved by careful pattern-
ing of partially opaque metal films for gray-level ampli-
tude masks [5], [41] or by utilizing a multielement phase
modulator for gray-level phase control [31], [32]. How-
ever, in some cases the desired waveform in the time do-
main may be much simpler than the corresponding am-
plitude and phase spectra in the frequency domain. For
example, a pulse train composed of pulses with identical
amplitudes and phases but different pulsewidths and spac-
ings would appear rather simple in the time domain but
would require precise gray-level control of both phase and
amplitude in the frequency domain. In such cases it may
be advantageous to utilize holography, which automati-
cally provides gray-level control, to record the required
mask.
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Mazurenko [29] has proposed that holograms of spa-
tially patterned, monochromatic laser beams can be used
as pulse shaping masks within a pulse shaping apparatus,
and Ema and Shimizu [14] have demonstrated this ap-
proach in experiments performed on a picosecond time
scale. The idea is to use a transparency with a spatial pat-
tern equal to a scaled version of the desired temporal pat-
tern. A Fourier transform hologram of the mask is re-
corded with a cw laser and then placed into a pulse shap-
ing apparatus. The hologram shapes the spectrum of the
read out pulse according to the Fourier transform of the
spatial pattern on the transparency. As a result, the tem-
poral waveform of the pulse emerging from the shaper is
a scaled version of the spatial pattern on the transparency.

We propose a different approach in which the holo-
graphic material is placed within a pulse shaping appara-
tus from the outset. Multiple-pulse trains or other wave-
forms can be formed by multiple exposures of the
holographic recording material. In order to synthesize the
spectral hologram of a pulse train, for example, a separate
exposure would be made for each pulse in the desired
pulse train. The signal could be an unshaped, short pulse
identical to the reference; the delay of the signal pulse
would be adjusted separately for each exposure according
to the desired delay in the final pulse train. More compli-
cated pulse trains or waveforms could be built up by using
shaped signal pulses, which could be changed from one
exposure to the next.

We have performed experiments testing this technique.
For each exposure the signal pulse delay was first set by
using a stepper motor; a shutter was then opened for a
duration of 4 ms in order to expose the thermoplastic plate
to signal and reference beams. No attempt was made to
control the relative phases of the signal pulses at different
delays, although in principle this could be achieved, e.g.,
by using techniques introduced by Scherer et al. [15] to
produce phase-locked pulse pairs. Fig. 8(a) and (b) show
some typical data, which are read out in the K, direction.
These traces are intensity cross-correlation measurements
of three-pulse bursts, read out from spectral holograms
produced using three exposures with signal pulse delays
of 0, 0.5, and —~1 ps. The first trace shows three clean
pulses at the desired positions and with nearly equal am-
plitudes. The second trace, which was obtained from a
second experimental run, shows the same three pulses at
the same desired positions, but this time with quite dif-
ferent amplitudes. Another example of our data, Fig. 8(c),
shows the possibility of synthesizing longer pulse trains.
Exposures were made at signal delays of 0, 1, 1.5, 2,
—0.5, and —2 ps; each of these six pulses are evident in
the data read out from the final hologram, although the
amplitudes again vary by a great deal.

In general, we found strong variations in the amplitudes
of pulses within a train, although all the pulses expected
were present. Furthermore, the relative amplitudes of the
various pulses varied from one experimental run to the
next, as shown by Fig. 8(a) and (b). These variations may
arise due to the lack of control of the relative phases at
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Fig. 8. Femtosecond waveform synthesis. The plots are intensity cross-
correlation traces obtained by reading out (K, direction) spectral holograms
recorded using multiple exposures. (a) and (b) Two experimental trials for
multiple exposures corresponding to signal pulse delays of 0, 0.5, and —1
ps. (c) Waveform resulting for multiple exposures with signal pulse delays
at0, 1, 1.5,2, —0.5, and -2 ps.

different signal pulse delays (these phase variations would
not be expected to be reproducible from one experimental
run to the next), together with saturation effects in the
hologram. The several pulses present in the time domain
will interfere in the frequency domain to produce a struc-
tured spectrum with various peaks and minima. Varia-
tions in the temporal phases will cause the spectral struc-
ture to change as well. Saturation of the hologram, due to
overexposure or limited dynamic range, can clip the peaks
in the spectral structure and lead to the observed ampli-
tude variations in the time domain. In order to achieve
better experimental precision, the phases of the signal
pulses should be controlled, and care should be exercised
to achieve linear recording.

IV. DiscussioN AND FURTHER APPLICATIONS

It is worth contrasting our spectral holography experi-
ments to related works by other authors. As noted in the
introduction, several groups have reported on the use of
spectral hole burning and photon echoes in inhomoge-
neously broadened resonant absorbers to perform spectral
holography [20]-[26]. Mathematically there is a close
analogy between the technique reported here and that
using inhomogeneously broadened absorbers. One differ-
ence involves causality: the amplitude and phase of holes
burned within inhomogeneously broadened lines must
satisfy the Kramers-Kronig relation; this implies that
photon echoes read out from such spectral holograms can
occur only after the read out pulse. In the present paper
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there is no such restriction: the phases and amplitudes in
the spectral domain can be set independently; therefore,
the reconstructed output pulse can emerge from the setup
before the transmitted read out pulse! There is no viola-
tion of causality, of course, due to the intrinsic delay as-
sociated with the spectral holography setup itself. A sec-
ond difference is related to temporal resolution. The
present technique has been demonstrated on a 100 fs time
scale and could readily be extended to a faster time scale
by using shorter pulses. On the other hand, spectral ho-
lography using resonant absorbers is usually limited by
available inhomogeneous linewidths to time scales of 100
fs or longer. Finally, the current technique is essentially
independent of wavelength, while spectral hole burning
and photon echoes require a match between the laser and
absorber. On the other hand, spectral holography in in-
homogeneous absorbers makes available four dimensions
for signal processing (frequency plus three spatial axes),
whereas at most three dimensions (frequency plus two in-
dependent spatial axes) are available from spectral ho-
lography within a pulse shaping apparatus.

Recently, Da Silva et al. [42] have reported a ‘‘non-
causal photon echo’’ experiment rather closely related to
our implementation of spectral holography. In their work
a collinear pulse pair is directed into a pulse shaping ap-
paratus containing a medium with thermal nonlinearity at
the filter plane. As a result of the nonlinearity, echo pulses
are produced both before and after the incident pulse pair.
Their experiment is analogous to on-axis Fourier-trans-
form holography, while the work reported by us is anal-
ogous to off-axis Fourier transform holography.

We also comment on the relation of our current work
to linear and nonlinear spectral filtering. As noted eatlier,
nonlinear filtering is required to achieve operations such
as time reversal or correlations between two independent
waveforms. In our paper the final output pulses result from
the interaction of three independent waveforms; time re-
versal, correlations, or convolutions can be performed
without a priori knowledge of the inputs. In this sense
our experiments are an example of nonlinear filtering. On
the other hand, the recording phase of our experimental
procedure may be regarded as a way to generate a fixed,
linear mask containing information related to signal and
reference beams. During the read out phase, this fixed
mask acts as a linear filter operating on the test beam.
This ambiguity between linear and nonlinear filtering op-
erations would be resolved by replacing the thermoplastic
plate with a real-time (as opposed to sequential) holo-
graphic medium, such as a photorefractive crystal, or even
a medium with thermal nonlinearity.

In addition to the applications discussed in Section III,
ultrashort pulse spectral holography may have several ad-
ditional applications, including measurement of ultrashort
pulse shapes, parallel-to-serial conversion, and dispersion
compensation. These examples are discussed below.

a) Measurement of intensity profiles: Measure-
ments of ultrashort optical pulses are typically performed
by the second harmonic generation technique. This yields
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the intensity autocorrelation function, which is not suffi-
cient to determine the exact pulse shape. On the other
hand, the pulse shape can in principle be derived from
knowledge of the intensity autoconvolution. Measure-
ment of the intensity autoconvolution function requires
availability of both a real and a time-reversed version of
the waveform to be measured. The setup is the same as
that used for second harmonic generation autocorrelation
measurements, except that one real and one time-reversed
waveform are used as the input. As we have shown, time
reversal can be achieved via holographic processing;
therefore, the autoconvolution technique could be imple-
mented for measurement of femtosecond intensity pro-
files.

b) Parallel-to-serial conversion: Our previous work
on femtosecond pulse shaping and this current paper on
femtosecond spectral holography involve a natural map-
ping of the optical frequency axis onto a single spatial
dimension. In essence, a parallel modulation in the spatial
domain is transferred onto the frequency spectrum, and
this corresponds to an ultrafast serial modulation in the
time domain. Thus, pulse shaping or spectral holography
can be used for conversion of a parallel spatial signal into
a serial temporal signal.

¢) Dispersion compensation: One very interesting
potential application of spectral holography is for disper-
sion compensation. We have seen that spectral hologra-
phy can be used to generate matched filters which cancel
the phase variation of incoming pulses, thus compressing
chirped pulses to the bandwidth limit. A possible experi-
mental setup is sketched in Fig. 9. A modulated stream
of femtosecond pulses is transmitted through an optical
fiber. The power is kept sufficiently low that nonlinear
effects in the fiber are not important. At the output of the
fiber, the pulses are broadened due to group velocity dis-
persion. These pulses are then input as the signal beam
into a spectral holography apparatus. A mode-locked lo-
cal oscillator provides a synchronized train of bandwidth-
limited femtosecond pulses (synchronized to the incom-
ing data stream) for the reference beam. The interference
between signal and reference beams forms a spectral ho-
logram of the phase variations imposed by the dispersive
transmission channel. Subsequent passage of the dis-
persed pulses through the holography apparatus cancels
their chirp and restores the original femtosecond data
stream. The feasibility of such chirp compensation was
demonstrated in Fig. 5(d), which showed restoration of a
pulse distorted by a cubic phase variation. The spectral
hologram can be recorded permanently, as in the current
experiments, in order to compensate for a fixed disper-
sion, or can be updated in real time (using a real-time
holographic recording material) in order to adaptively
compensate a time-varying dispersion. One advantage of
this approach is that the phase variation need not be known
a priori since the holographic process automatically pro-
duces a matched filter corresponding to the incoming
phase variation. Possible applications include not only fi-
ber dispersion compensation, but also chirped pulse am-
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Fig. 9. Schematic diagram illustrating the use of spectral holography to
compensate for dispersion in fibers. The holographic process automatically
produces a matched filter corresponding to the phase variation on the dis-
persed pulses.

plification [37] and compression of very short (<10 fs)
pulses where cubic and possibly higher order phase vari-
ations are important [38], [43]. In order to compensate
for fiber dispersion between remote sites, one difficulty
which much be overcome is the need for a synchronized
femtosecond local oscillator. This same issue also arises
in all-optical switching schemes based on high-speed,
synchronous logic gates implemented using soliton trap-
ping and soliton dragging effects [44].

V. CoNcLusioN

In summary, we have demonstrated frequency domain
holographic processing of femtosecond light pulses. Qur
experiments were implemented by using a modified fem-
tosecond pulse shaping apparatus with a holographic re-
cording medium inserted at the filter plane. In the current
paper we have used a thermoplastic plate as a thin holo-
graphic medium. The interference pattern between spec-
trally dispersed reference and signal waveforms is first
recorded; the resulting spectral hologram is subsequently
read out by a test waveform. For a test beam consisting
of a short pulse with a uniform spectrum, read out results
in reconstruction of a real or time-reversed version of the
original signal beam (depending on the geometry). Read
out of the hologram with a spectrally patterned, tempo-
rally shaped test pulse yields an output waveform which
is either the correlation or the convolution of the test field
with the signal field (again depending on the geometry).
To date, holography is the only way to perform signal
processing operations such as time-reversal, correlation,
and convolution on ultrashort light pulses. Our work ex-
tends well-known principles of holographic processing,
used extensively for pattern recognition and filtering of
two-dimensional spatial signals, to the femtosecond time
domain.

In addition, we have presented several further appli-
cations of femtosecond spectral holography. Perhaps the
most important of these is matched filtering. Matched fil-
tering can be used for encoding and decoding of ultrashort
pulses for high-speed information networking, for com-
pensation of fiber dispersion, and for femtosecond pulse
compression. We.have also demonstrated storage and re-
call of encrypted waveforms which can be replayed only
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with knowledge of the waveform used for encrypting. Fi-
nally, we have discussed the use of spectral holography
to produce pulse shaping masks for femtosecond wave-
form synthesis.

For the future it will be important to extend our exper-
iments to the 1.3 and 1.5 um wavelength ranges most
suitable for fiber transmission and optical communica-
tions. This will require identification of a suitable holo-
graphic material sensitive to these wavelengths. By utiliz-
ing real-time media, such as photorefractives or other
nonlinear materials, it will be possible to adaptively re-
configure the spectral hologram in response to changing
signal or reference beams. Furthermore, by including
feedback from the diffracted output beams back to the in-
put, it may be possible to achieve associative recall of
ultrashort pulse waveforms, in close analogy with optical
implementations of associative memories and neural net-
works in the spatial domain. This could permit recon-
struction of an entire femtosecond waveform in response
to a partial input, perhaps with error correction capability.
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