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A nonlinear optical processor that is capable of true real-time conversion of spatial-domain images to ultrafast
time-domain optical waveforms is presented. The method is based on four-wave mixing between the optical
waves of spectrally decomposed ultrashort pulses and spatially Fourier-transformed quasi-monochromatic
images. To achieve efficient wave mixing at a femtosecond rate we utilize a cascaded second-order nonlinearity
arrangement in a b-barium borate crystal with type II phase matching. We use this ultrafast technique to
experimentally generate several complex-amplitude temporal waveforms, with eff iciency as high as 10%, by
virtue of the cascaded nonlinearity arrangement.  1999 Optical Society of America
OCIS codes: 320.5540, 320.7110, 190.4380, 190.7110.

Optical spatial–temporal-processing techniques have
been used in the past decade for ultrafast waveform synthesis.1 – 3 The most-eff icient approach utilizes spectral filtering of the frequency components
of an ultrashort optical pulse. This filtering can be
achieved by spatial dispersion of the frequency components in a pulse shaper—a free-space optical setup
consisting of diffraction gratings and lenses — and
insertion of a spatial mask with the encoded amplitude and phase information into the spectrally decomposed wave (SDW).1 An alternative approach for
generating this spectral filter uses holographic recording of the spatial Fourier transforms (FT’s) of an image
and a reference point source. The recorded spatialfrequency information serves as a spectral filter for the
SDW of an incident ultrashort pulse. The resultant
synthesized waveform is a time-scaled version of the
spatial image.4 This approach can be interpreted as
a four-wave-mixing process between two waves carrying spatial FT information and two waves carrying the
temporal FT information, resulting in the exchange of
information between the spatial and the temporal
channels. The holographic recording approach is a
two-step process, recording of spatial information followed by readout with a temporal signal, and therefore
it cannot be operated at ultrafast rates. The performance of the information exchange is determined by
the four-wave-mixing mechanism. Thick holograms
formed in bulk photorefractive crystals yield high
diffraction efficiency, with a long recording time owing
to the electron mobility required for building a spacecharge field5 (from tens of microseconds to several
minutes). Multiple-quantum-well semiconductor photorefractives can perform holographic recording with
microsecond response time,6,7 yet the result is low
diffraction eff iciency because of the short interaction length. Ema8 reported on pulse-shaping experiments with top response time of less than 20 ps when
using the large x s3d coeff icient in the excitonic resonance of ZnSe film (2.4 mm thick). However, increasing the energy-conversion eff iciency requires a much
longer interaction length. In contrast, the x s3d coefficient governing the bound electron nonlinearity in longinteraction-length bulk crystals is inherently small.
An alternative arrangement, utilizing cascaded second0146-9592/99/080563-03$15.00/0

order nonlinearities (CSN’s), can be used to achieve the
equivalent of a four-wave interaction in a medium with
a strong x s2d nonlinearity.9
In this Letter we report what is believed to be
the first successful realization of a spatial–temporal
processor capable of generating synthesized temporal
waveforms at the output, controlled by a spatialdomain image with femtosecond response time and
high conversion efficiency. The CSN arrangement
consists of a frequency-up process followed by a
frequency-down process that satisf ies the type II
noncollinear phase-matching condition.10 Nonlinear
wave mixing takes place in the Fourier domain of
the temporal and the spatial channels (see Fig. 1).
The first nonlinear process of the cascade mixes the
SDW field, U1 , of an input ultrashort pulse with an
envelope denoted pstd at a center frequency v0 , and
the spatial FT field, U2 , of a quasi-monochromatic
wave of frequency v0 that is spatially modulated by a
one-dimensional image denoted as msxd. These waves
can be expressed in space–time coordinates of Fig. 1,
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The optical carrier frequency and the propagation
direction terms in Eqs. (1) and (2) have been omitted

Fig. 1. Experimental setup of the spatial – temporal processor: The CSN results in information exchange in a
four-wave-mixing process equivalent. PBS’s, polarizing
beam splitters.
 1999 Optical Society of America
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for simplicity. The input pupil function of the
temporal channel, wsxd, sets the time window of the
processor in Eq. (1). The functions m̃s?d and p̃s?d represent the FT of the spatial mask and the pulse envelope,
respectively. The diffraction grating is characterized
by the dispersion parameter a [where a  sinsud and
u is the diffraction angle], c is the speed of light, and
f is the focal length of the FT lens. Fields U1
and U2 are polarized in the ordinary and the extraordinary directions, respectively, relative to the optical
axis of the nonlinear crystal, and their propagation directions satisfy the phase-matching condition. Waves
U1 and U2 generate an intermediate upconverted wave
Uint , x s2d U1 U2 , which oscillates at sum frequency
2v0 , propagates along the optical axis of the setup, and
is polarized in the extraordinary direction.
The second nonlinear process of the cascade mixes
the intermediate wave, Uint , and the spatial FT of a
narrow slit (implementing a one-dimensional spatial
Dirac d function), U3 . The narrow slit in the second
spatial channel is illuminated by the same quasimonochromatic source as U2 and is copropagating with
U2 after a polarizing beam splitter (see Fig. 1). Wave
U3 is polarized in the ordinary direction and interacts
with the extraordinary polarized intermediate wave
Uint , downconverting the carrier frequency back to v0 .
In this arrangement the phase-matching condition for
the downconversion process is automatically satisf ied.
The resultant wave, U4 , x s2d Uint U3 p , propagates
in the same directions as U1 and at the same center
frequency but in an orthogonal polarization state.
The resultant wave is therefore proportional to the
input waves as U4 , fx s2d g2 U1 U2 U3p , which is equivalent to a four-wave-mixing process. The resultant
wave can be expressed as
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Comparing the expression for the resultant wave,
expression (3), with the SDW of the input temporal
channel, Eq. (1), we can observe that the spatially
dispersed frequency components are modulated by
the information of the spatial mask. Thus, the
femtosecond-rate spatial –temporal processing has
generated the SDW of the output temporal optical
waveform. Recombining SDW U4 in the optical setup
by use of a second FT lens and grating diffraction
yields the output temporal signal
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This synthesized waveform, ystd, is a convolution of
the input ultrashort pulse with a space-domain image,
whose spatial dependence has been converted to temporal dependence in the spatial –temporal processor.
When the duration of the ultrashort pulse is much
shorter than the feature size of the temporally mapped
mask, pstd can be approximated by a Dirac d function,

and the output temporal waveform is directly proportional to the information in the mask. If the mask contains fine features, then the output waveform will be a
smoothed version of the mask, owing to the convolution
operation.
We experimentally demonstrate CSN spatial–
temporal wave mixing by use of ultrashort pulses
of 100-fs duration at a center wavelength of 800 nm
with an energy level of 1 mJypulse (generated from a
Ti:sapphire ultrashort pulse oscillator combined with
a regenerative amplif ier). Ten percent of the power
of the laser pulse was split off and introduced into the
temporal input channel of the processor, generating
SDW U1 . The SDW was generated by a 600-lineymm
blazed grating (dispersion parameter a  0.48) and a
lens of 375-mm focal length. We used the remaining
90% of the pulse power to generate the light source
for the implementation of the spatial channels by
stretching the pulse width with a grating pair to
several-picosecond duration (i.e., generating a chirped
pulse), matching the time window of the temporal
channel. The stretched pulse was divided into two
spatial channels for implementation of waves U2 and
U3 . Since the CSN process occurs with a femtosecondscale time response because of the fast nonlinearity,
a suff icient condition for four-wave-mixing operation is that the field amplitude of the two spatial
channels be instantaneously equal. The spatial–
temporal wave mixing by the x s2d media was performed
in a 2-mm-thick type II b-barium borate (BBO)
crystal. In our experiment, the entire process was
derived from a single pulse from the laser source; thus,
the information exchange was done on a single-shot
basis. We conducted several experiments to illustrate
this real-time processing technique, demonstrating
its ability to control amplitude and phase in the
output temporal waveform derived from the spatialinformation channel.
For initial characterization of the spatial–temporal
wave-mixing process through CSN, we focused the two
spatial channel waves by use of cylindrical lenses to
form line sources at the input spatial channels, generating plane waves U2 and U3 in the BBO crystal.
Downconverted SDW U4 was generated only in the
presence of the waves from the two spatial channels.
The maximum conversion eff iciency of input SDW U1
to filtered output SDW U4 was 10%, limited by fundamental wave depletion. The conversion efficiency depends on the power of the two spatial-channel waves,
as they serve as the pump waves in the CSN process.
The high conversion efficiency illustrates the advantage of the CSN approach as opposed to conventional x s3d nonlinearity for four-wave mixing.11
In our first information transfer experiment
we used a mask containing a sequence of narrow
slits spaced 0.8 mm apart. We achieved high light
throughput by focusing the illuminating beam into
the slits with a cylindrical lenslet array. The shaped
waveform, consisting of a sequence of pulses, was
observed with a real-time pulse-imaging technique12
(see Fig. 2). As predicted by Eq. (5), the synthesized
waveform consists of a sequence of pulses separated
by ,1.3 ps. Selectively blocking some of the slits
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Fig. 2. Synthesized temporal waveform generated by
a spatial-information mask consisting of a sequence of
equally spaced point sources. (a) All points are illuminated by quasi-monochromatic light. ( b) Two point
sources are blocked.

Fig. 3. Synthesized temporal waveforms generated by a
quadratic wave front in the spatial channel, generating
chirped pulses. The quadratic wave front is generated
by longitudinal translation of a point source from the
input plane.

resulted in a matching temporal waveform, conf irming
our ability to perform single-shot temporal waveform
synthesis in real-time from a spatial channel. These
results were generated under maximal conversion
eff iciency, at which fundamental wave depletion
was observed. Therefore, when some of the slits
are blocked, more photons are upconverted by the
spatial waves of the open slits, leading to an amplitude
distribution change in the pulse sequences of Fig. 2.
No evidence of cross talk between channels was
detected.
To demonstrate the ability to encode phase information, we used a spatial-information channel that
consisted of a variable spherical wave front, generated by longitudinal translation of a cylindrical
focusing lens away from the input plane. The spatialtemporal information exchange converted the spatial
quadratic phase to the temporal quadratic phase, generating chirped pulses at the output of the processor
(see Fig. 3). We estimated the amount of chirp with
the pulse imager by use of the technique outlined in
Ref. 12, and as expected we found direct correspondence between the longitudinal translation of the focusing lens and the amount of chirp on the synthesized
waveform.
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Relative to other spatial–temporal processing techniques, the CSN approach provides femtosecond-rate
processing, owing to fast bound electron nonlinearity
and high efficiency as a result of a relatively large
x s2d coeff icient. The spatial –temporal process that
we have demonstrated generates an output temporal
waveform that can be reconfigured in real time and is
proportional to the convolution of an input ultrashort
pulse and a spatial image. Furthermore, wavelength
tuning of the synthesized temporal waveform can be
achieved by use of different temporal frequencies in the
two spatial channels (with a correction to the propagation direction to satisfy phase matching). For operation with pulsed lasers at high repetition rates, the
spatial channels can be implemented by use of a second
intense cw laser source, or the conversion eff iciency of
the CSN process should be improved. Since the technique realizes a general four-wave-mixing process of
spatial –temporal-information-carrying waves, we can
convert the setup to provide the convolution or the correlation signal between spatial and temporal channels,
with the output in either the temporal or the spatial
domain. Thus, this spatial–temporal process can be
considered a fundamental system for performing ultrafast signal processing of optical waveforms in the time
and the space domains.
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