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Abstract— Shaping, signal processing, and time-space con-ultrafast modulators. Furthermore, by using an extension of
version of femtosecond pulses can be achieved by linear andpulse shaping called spectral holography, one can holograph-
nonlinear manipulation of the spatially dispersed optical fre- ically record and then reconstruct such waveforms. During

quency spectrum within a grating and lens pulse shaper. In this th tructi | f int i
paper, we first review our work on femtosecond pulse shaping € reconstruction process, oné can also pertorm Interesting

and processing, with an emphasis on applications to high-speed Signal processing operations, such as time reversal, convolu-
communications and information processing. We then present a tion, correlation, and matched filtering of femtosecond optical

new concept for generalized time—space processing based on casyaveforms. Holographic methods also allow time-to-space
caded tlme-to-space and space-to-tlme conversions in COﬂjUnCthﬂ ConverSion, Where Ultrafast time'domain Signals are mapped

with smart pixel optoelectronic arrays and provide a detailed . . . - -
discussion of our recent studies of time-to-space conversion based(demU|t'p|exed) into a spatial replica of the original ultrafast

on second-harmonic generation (SHG) within a femtosecond Waveform.
pulse shaper. These time/spectral-domain processing methods are in close
Index Terms—Demultiplexing, holography, nonlinear optics, analogy with traditional spatial-domain Fourier optics process-

optical pulse measurements, optical pulse shaping, second har-ing techniques. By applying such Fourier processing methods
monic generation, ultrafast optics. in the ultrafast time domain, one can achieve many new

capabilities not available using other approaches.
One aim of our current research is to expand on this
relationship between space and time to develop generalized
EVOLUTIONARY breakthroughs have occurred in th@ime—space processing systems. The key concept is to first
field of ultrafast laser technology during the 1990'sgonvert incoming ultrafast time-domain optical signals into
Mode-locked dye lasers have given way to mode-locked solighatial optical signals. In the spatial domain these signals can
state lasers, which offer substantially increased average pow@in be processed in parallel using optoelectronic smart pixel
(~1 W and above), shorter pulsewidths (below 10 fs), as wejtray technologies, and finally converted back into the ultrafast
as extremely high-peak powers in amplified systems. The Ug@e domain. The use of smart pixel optoelectronics may allow
of solid-state gain media has also led for the first time t§yphisticated digital electronic processing operations which
simple, turn-key femtosecond lasers, and many researchers\gégid not be possible directly in the ultrafast optical domain.
now setting their sights on practical and low-cost ultrafast lasghis may have important applications, e.g., for processing of
systems suitable for real-world applications. information in ultrahigh-speed optical communications net-
At the same time, important advances have also occurriggrks.
in the complementary areas of ultrafast optical pulse-shapingyn Section Il of this paper, we review our work on femtosec-
waveform synthesis, and signal processing, which are thgd waveform synthesis and holographic processing of fem-
subject of this paper. Using pulse-shaping techniques, o@@econd optical waveforms, with an emphasis on applications
can now engineer femtosecond pulses into complex opigr high-speed communications and information processing. A
cal signals according to specification. A key point is thafetailed review of work in this field up te-1995 is given
waveform synthesis is achieved by parallel modulation in thg [1]. In Section I, we then outline our current research on
frequency domain, which is achieved by spatial modulatiQfeneralized time—space processing systems. A key issue in
of the spatially dispersed optical frequency spectrum. Thugplying such methods for real applications is the response
waveforms with effective serial modulation bandwidths a¥me of the Space_to_time and time_to_space converters, which
high as terahertz can be generated without requiring ashould be able to operate at frame rates in the gigabit-
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Force Office of Scientific Research under Contract F49620-95-1-0533 and@¢gn meet this requirement was recently demonstrated in [2],

I. INTRODUCTION

the National Science Foundation under Grant ECS-9312256. 3], where the time-to-space conversion was accomplished
The authors are with the School of Electrical and Computer Engineerirg, . g

Purdue University, West Lafayette, IN 47907-1285 USA. y using a modified spectral holography approach where a
Publisher Item Identifier S 1077-260X(98)03781-2. second-harmonic crystal acts as the “holographic” (actually

1077-260X/98$10.00] 1998 IEEE



318 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 4, NO. 2, MARCH/APRIL 1998

GRATING LENS LENS GRATING

) 4 0 1 P

Time (psec)
(@

Fig. 1. Femtosecond pulse-shaping apparatus.
nonlinear) medium. We have adopted this approach in our lab-
oratory and have investigated how to optimize the conversion e A
efficiency of the second-harmonic generation (SHG) based 8 4 0 4 8
time-to-space converter [4]. We have recently achieved greater Time (psec)
than 50% second conversion efficiency, which constitutes (b)

more than two orders of magnitude improvement compare@. 2. Intensity cross-correlation traces of shaped pulses, measured using
to the original experiments. A detailed discussion of thes@shaped reference pulses directly from the laser. (a) Picosecond square

: : et : egenerated using microlithographically fabricated amplitude and phase
experiments and an analysis of time-to-space conversion “Sﬂﬂiks. (b) Ultrafast optical pulse (“bit”") sequence, generated using phase

this technique are given in Section IV. In Section V, wenly filtering.
conclude.

by Martinez [14] and is now used extensively in chirped pulse
[l. PULSE SHAPING AND SPECTRAL HOLOGRAPHY amplification.
Fig. 2 shows of examples of shaped pulses generated using
A. Femtosecond Pulse Shaping fixed masks. Fig. 2(a) shows a 2-ps square pulse witb0-

Fig. 1 shows the basic pulse-shaping apparatus, which {getransition times (comparable to the duration of the input
discuss briefly here. A more detailed description has bel@ser pulses) [5]. This pulse was generated by using both
given in previous publications [1], [5], [6]. In pulse shaping, aRhase and amplitude masks to pattern the spectrum according
ultrashort laser pulse is incident on a simple grating and leffs @ truncatedsinc-function. Square pulses with flatter tops
apparatus, which spatially separates the pulse into individl@ve also been demonstrated by appropriately apodizing the
optical frequency components. The lenses are identical am@sking functions [15]. Fig. 2(b) shows an example of an
separated by twice their focal length; this forms a unit magtrafast pulse sequence with an effective modulation rate of
nification telescope with the gratings placed at the outer focab THz [16]. Such sequences may be useful as ultrafast data
planes of the lenses. Midway between the two lenses, wh@ackets for time-division multiplexed optical communications
the spatial separation of the frequencies is a maximum, onetworks. It is interesting to note that the pulse sequence
can insert spatially patterned masks, or programmable spasiapwn in Fig. 2(b) was generated with a phase mask only.
light modulators, in order to manipulate the amplitude and the situations where only the time-domain intensity profile is
phase of the spatially dispersed optical frequency componersgecified, and the temporal phase is left as a free parameter
After the various frequencies are reassembled into a sind@é in Fig. 2(b)], one can often design a phase-only filter to
collimated beam, one obtains a shaped pulse, with the puignerate the desired intensity profile [16], [17]. This allows
shape determined by the Fourier transform of the amplitugge to avoid the loss associated with amplitude filters. Phase-
and phase pattern imposed on the spectrum by the masks. Phly filters have been extensively explored in spatial optics.
pulse shaper is dispersion free, so that in the absence ofte pulse sequence shown here was actually generated using
mask, the output and input pulses are identical. a phase-only filter known as a Dammann grating, which was

The first use of the pulse-shaping apparatus shown anginally designed for generation of spot arrays for space-
Fig. 1 was reported by Froehly [7], who performed pulsedomain interconnect applications [18], [19].
shaping experiments with input pulses 30 ps in duration. The required spatial masking has been demonstrated using
Related experiments demonstrating shaping of pulses a fewnumber of technologies. The original work on femtosec-
picoseconds in duration by spatial masking within a fiber amhd pulse shaping used microlithographically fabricated phase
grating pulse compressor were demonstrated independemtiyl amplitude masks, as above [5]. Currently, most atten-
by Heritage and Weiner [8], [9], [10]. The dispersion-fre¢ion is focused on programmable spatial light modulators
apparatus in Fig. 1 was subsequently adopted by Weinerthat allow computer control over the masking pattern with
al. for manipulation of femtosecond optical pulses [5], [11]millisecond reprogramming times. The first demonstrations
With minor modifications, pulse-shaping operation has beefh programmable pulse shaping used one-dimensional (1-D)
successfully demonstrated for pulses below 20 fs in duratiiquid crystal phase modulator arrays with up to 128 modulator
[12], [13]. The apparatus of Fig. 1 (without the mask) can alguixels and millisecond reprogramming times [6], [20]. Arrays
be used for pulse stretching or compression by changing téowing independent gray-level phase and amplitude control
gratings-lens spacing. This idea was introduced and analyzeere subsequently developed [21] and are now available
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commercially. Faster liquid crystal modulators allowing bi- We have recently demonstrated two interesting extensions
nary spectral phase modulation with 108-reprogramming of pulse shaping. The first experiment demonstrates the use of
times have also been reported [22]. Pulse shaping using aaprogrammable pulse shaper for phase filtering of incoherent
acoustooptic modulator as a programmable mask has also blggrt from an erbium doped fiber amplified spontaneous emis-
demonstrated [23] and is seeing application with amplifiexion source [51]. Related experiments were also reported in
femtosecond systems. Optoelectronic modulator arrays hdu2], [53]. Although the result of phase filtering of incoherent
potential to serve as pulse-shaping masks with subnanodéagit is still incoherent light, nevertheless, the phase filter-
ond reprogramming times appropriate for communicatiomsg operation does affect the electric field cross correlation
and information processing applications. The one experimdnnction between the light before and after the pulse shaper.
reported to date used an array of GaAs multiple quantivile have shown that the pulse shaper can manipulate this
well modulators within a pulse-shaper setup to carve tlwerrelation function much in the same way that a pulse
input pulse spectrum into a number of separate wavelengthaper can manipulate the output intensity profile for coherent
channels for wavelength-division multiplexed (WDM) opticainput pulses. One motivation for performing this work is
communications [24]. Application of optoelectronic modulatothe possibility of using coherence coding of inexpensive
arrays for time-domain pulse-shaping applications has not ye¢oherent light sources (instead of expensive femtosecond
been reported. Pulse shaping based on the use of spherical [RBlse sources) for certain classes of optical CDMA systems
moving [26] and deformable [27] mirrors and on hologramit5], [46], [52].
[28], [29], [30], [31], [32] has also been reported. In a second recent experiment [54], [55], we have demon-
Pulse shaping has been or is currently being used in a nustrated a modified pulse shaper incorporating microlens arrays
ber of laboratories for a broad range of applications, includiragljacent to the masking plane. The motivation for this work is
coherent control over ultrafast physical processes, high fidlte desire to demonstrate rapidly programmable pulse shaping
physics, ultrafast nonlinear optics in fibers, and high-speeding optoelectronic modulator arrays to perform the masking
information networks. A review of some of these applicatiorfsinction. Typical optoelectronic arrays have large amounts of
is given in [1]. The pulse-shaping applications demonstratéégad space between the active modulator elements. This would
by Weiner and coworkers include dark soliton propagatidaad to distortion in standard pulse-shaping systems where the
[33], [34] and enhanced nonlinear optical switching [15] iwptical spectrum is spread along a continuous line in the pulse-
fibers, coherent control in solid-state materials [35], [36], arghaping plane, since optical frequencies impinging on the dead
manipulation and enhancement of ultrafast terahertz radiatigpaces in the array would not be properly controlled. The
[37], [38]. microlens arrays in the modified pulse-shaper focus the optical
There are a number of opportunities to apply pulse-shapifigquency spectrum into a series of discrete spots which should
techniques in optical communications and, networking. Weetter match the format of an optoelectronic modulator array.
have already discussed in connection with Fig. 2(b) the pos-At this point we give a very brief theoretical description [1],
sibility of generating ultrafast data packets for time-divisiofp6] of pulse shaping. Since the pulse-shaping apparatus acts
multiplexed (TDM) communications. A new concept for proas a linear filter for femtosecond input pulses, its response can
cessing of such packets is proposed in Section IIl. In WDMe characterized in the frequency domain by
communications, the pulse-shaping technique allows realiza-
tion of nearly arbitrarily programmable spectral filters, which Eou(w) = Ein(w)H () (1)
can be used to construct WDM cross-connect switches Wiifhere E,,(w) and E,u:(w) are the Fourier transforms of the
flat-topped frequency response [39], multichannel WDM gajRput and output electric fields, respectively, aHdw) is the
equalizers [40], or hybrid WDM/space-division multiplexe¢omplex frequency response of the linear filter acting on the
optoelectronic switching systems [41]. Note that for thesgmtosecond pulses. We wish to relat®w) to the actual
WDM applications, the input signal will usually consist ofphysjcal masking function with complex transmittanik.).

a series of mutually incoherent wavelength channels rathg§ do so, we note that the field immediately after the mask
than a coherent pulse. Another application is for code-diviSi¢@n be written

multiple-access (CDMA) optical communications, in which o b

different users sharing the fiber channel are distinguished on Ep(2,w) ~ En(w)e” @/ M (x) 2
the basis of different minimally interfering optical codes. Here,

pulse shaping can be used for either frequency-domain phagsere

[42], [43], [44] or amplitude [45], [46] coding (and decoding). N f

Optical CDMA based on spectral phase coding of femtosecond o= WOS(%) (3a)
pulses is currently under investigation in our group at Purdugy

[47], [48]. Pulse shaping has also been used to correct for cubic cos(Bm) [ FA

(or higher order) phase distortion encountered for example in Yo = os(6a) <7rwin> (3b)

transmission of femtosecond pulses over kilometer lengths of

fiber [49] and has been used inside a mode-locked exterhtre o is the spatial dispersion with units cm (rad7s) w,
cavity diode laser to generate synchronized modelocked puisehe radius of the focused beam at the masking plane (for
trains simultaneously at several different wavelengths fany single frequency component),, is the input beam radius
hybrid TDM-WDM communications [50]. before the first grating; is the speed of light{ is the grating
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period, A is the wavelengthf is the lens focal length, andresponsé:(¢). The impulse response in turn is obtained from
#i,. and 8, are the input and diffracted angles from the firsthe Fourier transform of (4) and can be written as follows:
grating, respectively.

Note that (2) is a function of both spa¢e) and frequency h(t) = m(t)g(t) (52)
(w). This occurs because the spatial profiles of the focusgg . o
spectral components can be altered by the mask, e.g., some
spectral components may impinge on abrupt amplitude or m(t) = i/de(aw)eiwt (5b)
phase steps on the mask, while others may not. This leads to 2
different amounts of diffraction for different spectral compognd
nents and results in an output field that may be a complicated
function of space and time. This space—-time coupling has been g(t) = exp(—wlt®/8a7). (5¢)

analyzed by several authors [57]-{59]. Thus, the impulse response is the product of two factors. The

a (s)na:ir;(?l Otgﬁirfohri?d(’)uc;nﬁt Isbgsrl:]al\ll}\;itlr? t(;re;t:tn gr]:g:rriggﬁ t factorm(¢) is the Fourier transform of the mask (appropri-
P y P ge p ately scaled) and corresponds to the infinite-resolution impulse

temporal profile. In order to obtain an output field which ises onse. The second fack) is an envelone function that
a function of frequency (or time) only, one must perfomﬁesfricts tf.1e time windowing\t/(vh)ich the taiIoregout ut pulse can
an appropriate spatial filtering operation. Thurstiral. [56] putp

analyze pulse shaping by expanding the masked field curately reflect the response of the infinite-resolution mask.

. . : . e full-width half-maximum duration of this time window
into Hermite—Gaussian modes and assuming that all of the . N

. . I, terms of intensity) is given by
spatial modes except for the fundamental Gaussian mode

are eliminated by the spatial filtering. In real experiments 4ov/In2  2v/1In 2w\
. . : FWHM, = = . (6)
the Gaussian mode selection operation could be performed w, cd cos by,

by focusing into a fiber (for communications applications i ) . ) o
or by coupling into a regenerative amplifier (for high-powe he time window is proportional to the number of grating lines

applications). This can be also be performed approximatdilyminated by the input beam multiplied by the period of an
by spatial filtering or simply by placing an iris after the pulse@Ptical cycle. A larger time window can only be obtained by
shaping setup. In any case, if one takes the filter funckiém) expanding the input beam diameter. The shortest feature in

to be the coefficient of the lowest Hermite—Gaussian moda€ output shaped pulse is of course governed by the available

in the expansion ofE,,(z,w), one arrives at the following ©Ptical bandwidth. . _
expression [1], [56]: Equations (4) and (5), which result from an approximate

12 treatment of diffraction at the mask, have been found to
9 . . o
Hw) = < ) /dxM(x)e_Q(m_w)z/wi. () adequately describe a great number of experimental situations.

w2 Experiments show that both the available time window and
he available frequency resolution are well modeled. We
eiterate, however, that these results are valid only when a
r§uitable spatial filter is employed so that the pulse shape
is constant across the spatial beam profile. Practically, it is
also helpful to avoid using a masking function whose infinite
resolution impulse response function (5b) significantly exceeds

etge available time window (5a).

Equation (4) shows that the effective filter in the frequenc
domain is the mask functiof/(x) convolved with thenten-
sity profile of the beam. The main effect of this convolutio
is to limit the full-width at half-maximum (FWHM) spectral
resolution éw of the pulse shaper téw = (In2)'/%w,/a.
Physical features on the mask smaller tham, are smeared
out by the convolution, and this limits the finest featur
which can be transferred onto the filtered spectrum. One
consequence of this picture is that wavelength componeﬁ’cs
impinging on mask features which vary too fast for the Further pulse processing capabilities are achieved through
available spectral resolution are in part diffracted out of then extension of pulse shaping called spectral holography
main beam and eliminated by the spatial filter. This can le§29], [61], in which the pulse-shaping mask is replaced by
to phase-to-amplitude conversion in the pulse-shaping proces$iolographic or nonlinear material. Spectral holography was
Conversely, in the limitw, — 0, the apparatus providesfirst proposed theoretically [61] in the Russian literature, and
perfect spectral resolution, and the effective filter is just subsequent experiments demonstrating the principles of time-
scaled version of the mask. domain processing via spectral holography were performed
Note that in our treatment above we assume that the outjyt Weiner [29]. In analogy with off-axis spatial holography,
Gaussian mode which is selected is matched to the inguio beams are incident: an unshaped femtosecond reference
mode. The case where the input and output mode sizes putse with a uniform spectrum, and a temporally shaped signal
not matched is analyzed in [60]; in some cases this can gwaveform with information patterned onto the spectrum. The
improvement in spectral resolution compared to that expectsglectral components making up the reference and signal pulses
from (4). are spatially dispersed and interfere at the Fourier plane.
The effect of finite-spectral resolution can be understood The resulting fringe pattern is stored by using a holographic
the time domain by noting that the output pulsg:(¢) will recording medium. During readout with a short test pulse, each
be the convolution of the input pulsg,(¢) with the impulse spectral component from the test pulse diffracts off that part

Spectral Holography
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of the hologram containing phase and amplitude information
corresponding to the same frequency component from the
signal beam. The diffracted frequencies are then recombined
into a pair of output beams, corresponding td and —1 : " ' ' '

order diffraction, respectively. Assuming linear holographic G))
recording and sufficient spectral resolution, the reconstructed
field E,.(w) can be written as follows: . i M . _
o (b)
Eoui(w) ~ Ey(w)E (w) By (w)etr ™

+ Ey(W)E (W) E (w)et2, (7) J\
Here, E;(w), E.(w), and E,(w) are the complex spectral - P e gpses) 4
amplitudes of the test, reference, and signal fields, respectively,
and K; and K, are the propagation vectors of the diffracted ©
output beams. The envelopes of the reconstructed output pulsigs3. Holographic matched filtering of coded ultrafast waveforms. (a) None
are given by the Fourier transform of (7)’ as follows: of pulses are coded. (b) The signal is coded using pulse shaping. (c) Both

signal and test pulses are coded, resulting in matched filtering operation and
a restored output pulse.

eout(t) ~ e (t) * ep.(—t) * e, (t)ciK1 g
+ ey (t) * ep(t) * e, (—t) 2T (8) Signal Pulse

When both test and reference beams consist of unshaped pulses
with durations short compared to the duration of the shaped "¢

signal pulse, the output pulse is either a real or a time-reversed \ -
reconstruction of the original signal pulse, depending on the

diffraction direction. Furthermore, if the test beam itself is I u QW

a shaped pulse, then one can generate the convolution or the Grating

correlation of the signal and test electric field envelopes. In the

special case where the test and signal waveforms are identical, Camera

the correlation becomes a matched filtering operation, WhIE . 4. Apparatus for space-to-time mapping using spectral holography and

is useful for chirp compensation and pulse compression amic semiconductor photorefractive films [67].
for ultrafast pattern matching.

Experiments demonstrating spectral holography in the ul- o )
trafast time domain were performed by Weiner using fen®: Holographic Time-Space Conversion
tosecond, visible wavelength pulses [29], [62], [63]. The Inthe previous section on spectral holography we discussed
holographic material was a thermoplastic plate, which waslire time-domain systems, in which an ultrafast input temporal
first exposed to the signal-reference interference pattern asighal is processed to yield a new output temporal signal. One
then “developed” to form a permanent spectral hologram. Adan also consider hybrid spectral holography systems in which
of the signal processing operations enumerated above wtnee and space are mixed. These systems allow conversion
successfully demonstrated. As one example, Fig. 3 shofism the spatial domain into the ultrafast time domain (parallel
data corresponding to matched filtering operation. All thi® serial conversion) or from the ultrafast time domain into
data correspond to intensity cross-correlation measurementshef spatial domain (serial to parallel conversion). Such hybrid
output pulses resulting from the spectral holography procespace—time conversions have been discussed theoretically by
The short output pulse shown in Fig. 3(a) results when all thrééazurenko [61], [64] and demonstrated experimentally by
pulses (signal, reference, and test) are ultrashort pulses vaédveral groups [28], [65]—-[68].
no distortion. In Fig. 3(b), pulse shaping is used to encodeTime-to-space mapping of femtosecond optical waveforms
the signal pulse only into a low intensity pseudonoise bursan be achieved by recording a spectral hologram using time-
similar to a spread-spectrum waveform. Finally, in Fig. 3(clomain signal and reference pulses, as in the previous section,
both signal and test pulses are encoded in the same wagd then reading out using a monochromatic, continuous-
the identical distortions cancel, and an intense bandwidtvave (CW) laser. Nuss [67] used the arrangement sketched
limited output pulse is restored. These data illustrate tie Fig. 4 for experiments demonstrating such time-to-space
coding—decoding process that forms the basis for femtosecandpping. Femtosecond signal and reference pulses8a0
code-division multiple-access (CDMA) communications. Ihm are obtained from a mode-locked Ti:sapphire laser, and a
is worth noting that such holographic matched filtering iphotorefractive multiple-quantum-well device (PRQW) [69],
a self-aligned process, so that one can decode or procE4) is used as a dynamic holographic recording material. Key
incoming signals without having to precisely specify thoskeatures of these PRQW'’s are a response timeDbf:s at an
signals beforehand. intensity of 10 mW/cr and a diffraction efficiency of a few
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Fig. 5. Block diagram of generalized space—time pulse processing systems. By converting interchangeably between time, space, and wavatength domai
sophisticated data manipulation applications may be possible.

percent. Read-out is accomplished by using an 850-nm CW Il. GENERALIZED TIME—SPACE SYSTEMS
laser diode. By passing the diffracted output beam through FOR ULTRAHIGH-SPEED DATA PROCESSING

a Fourier transform lens, the original temporal information By exploiting the ability to convert between space and

is converted into spatial information. The spatial profile qgme in pulse shaping and spectral holography, one can en-
the resulting output beam is given by the electric field CrOSSision new opportunities for data processing and manipula-
correlation between signal and reference pulses. For a s of extremely broadband optical signals. Consider cas-
bandwidth limited reference pulse, this yields a spatial repli%%ded time—space systems as shown conceptually in Fig. 5.
of the electric field amplitude of the original time—domaimere’ an ultrafast time-domain data stream (or possibly a

signal pulse. : . , _
In addition to PROW’s, bulk holographic crystals have aISﬁultlwavelength data signal) would first be converted into

; : . e space-domain. Various processing operations could then
been employed for time-to-space conversion experiments [6

However, both PRQW's and bulk holographic materials are performed using .hlgh speed smar.t pixel optoelectronic
: o C .. arrays. The smart pixel array would include detectors for

too slow for use in most communication applications requirin . : )
ading the space-domain data, VLSI electronics for pro-

igabit per second frame rates. A related technique for time-"". .
dig P q 3sing, and modulators for converting back to the ultrafast

to-space conversion of picosecond pulses was demonstrate . . )
by Ema, who utilized the exciton resonance in ZnSe f € _(or the wavelength) domain using an appropriate pulse-
the nonlinearity required for holography [65]. Although thiéhaplng setup. Experiments demonstrating cascaded space-to-

material has the advantage of fast responsd3( ps), its time and time-to-space conversion based on spectral hologra-

operation wavelength is 442 nm and it must be cooled R Were reported previously [68], but no further processing
cryogenic temperatures. A third scheme, first demonstrafd@S Performed. The combination of time—space conversions
by Mazurenko, Fainman, and coworkers [2], [3], relies ofnd space-dome_lnj_(para!lel) optoel_ectromc processing could
the instantaneous nonlinear effect of SHG using a nonlind§Rd to great flexibility for implementing new types of ultrafast
optical crystal within a pulse shaper. This scheme is &ptical data processing. .
important advance due to the combination of fast responsd<ey t0 this concept is the use of arrays of optoelectronic
and operation at convenient wavelengths and temperatures. #Bart pixels” to implement the spatial-domain processing
have performed similar time-to-space mapping experimertiction. Smart pixel device arrays, in which optoelectronic
in which we demonstrate SHG conversion efficiencies abolf@nsceivers such as detectors and modulators are intimately
50%. This work is described in detail in Section IV. coupled to electronic processing circuitry at every pixel of the

Finally, we note that spectral holography can also be utilizédray, have recently emerged as a key technology for tradi-
for the converse operation, namely, space-to-time conversiénal (i.e., spatial domain) optical signal processing systems
[28], [31], [32], [68]. Here one records a hologram of &nd optical interconnect systems [71], [72]. The main theme is
one-dimensional spatial image onto a holographic recordif@build systems in which optics and electronics can each per-
material placed inside a pulse shaper. The hologram atagm the functions for which they are most ideally suited. Here,
as a diffractive pulse-shaping mask and generates an output aim is to employ smart pixel technology in an application
pulse which is a scaled version of the direct spatial imer which it has previously received little attention—namely,
age, or its Fourier transform, depending on the holograior manipulation and processing of ultrafast time-domain
recording geometry. In addition, by utilizing nonlinearitie®ptical signals. By incorporating high performance smart pixel
in the recording process, one can demonstrate new pullyice arrays into ultrafast pulse processing systems, we
processing operations, such as edge enhancement in speae- accelerate processing times substantially and achieve
to-time conversion [32]. completely new functionalities.
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As a demonstration vehicle, we have initiated experiments ¢ f
using the hybrid SEED smart pixel technology [73], which | 1 i 1 ] i |
is available through Bell Laboratories on a foundry basi
This technology consists of arrays of gallium arsenide multipl
quantum well (GaAs MQW) optical detectors/modulators, o
SEED’s, bonded onto the surface of silicon CMOS (Si-CMOS)
electronic chips, forming smart pixel arrays. The CMOS"' g <
circuitry is custom designed in order to implement the desired Er(0c) Temperature controller

rocessing functionalities. This technology can be expected to
P 9 9y P Ftl . 6. Schematic diagram of time-to-space conversion apparatus using SHG

operate_ with frame ra_te_s up to the giga_lbit-per-second _rangéhin a femtosecond pulse shapét: Grating. L1, Lo: lenses.E,: Signal
depending on the minimum feature size of the particulagam.E,: Reference beam. NLC: Potassium niobate nonlinear crystal.

CMOS process employed. Our current experiments are being

performed using pulses from a modelocked Ti:sapphire lasgr efficiency by more than 500 fold may enable systems
in order to match the~850-nm operating wavelength ofysing time-to-space mapping in conjunction with smart pixel
the hybrid SEED optoelectronics. For actual communicatioggtoelectronic device arrays to perform sophisticated ultrafast
experiments, one would likely need to operate in the/in®- pulse processing operations repeatable at communication rates
band. This could potentially be achieved by fabricating smajfith realistic power budgets.
pixel arrays based on asymmetric Fabry—Perot modulatorgn the rest of this paper, we discuss our time-to-space
(AFPM's). Although AFPM’s and AFPM arrays were initially conversion experiments using KNpOWe first describe the
developed in the 850-nm spectral region [74]-[76], singlexperimental setup. We then analyze the time-to-space map-
device operation was recently extended to thedrbband ping operation theoretically, pointing out similarities to pulse
with both very high speed420 Gb/s) and high on-off contrastshaping throughout. Finally, we present our experimental
(>15 dB) in a format compatible with array operation [77]results validating the theory and demonstrating th80%
Alternatively, for some applications one may be able to explaibnversion efficiency in time-to-space mapping. The analysis
the wavelength conversion inherent in SHG time-to-spaggthe conversion efficiency itself is being published elsewhere
conversion to match a 1/m operating wavelength to 850[4] and is not repeated here.
nm GaAs optoelectronics. The experimental arrangement, which is similar to that in
As illustrated in Fig. 5, the use of smart pixel optoelectror3s], is shown in Fig. 6. A short pulse{125 fs FWHM) emitted
ics could potentially allow tailoring of a wide range of systemby a mode-locked Ti-sapphire oscillator is split into two
functionalities through the VLSI design. Examples inC'UdQeamS’ a featureless reference plm['s(e) and a Signa| beam,
data detection and regeneration, time-slot interchanging, digi#), which can be shaped. The two beams are diffracted by
tal optical gating, packet header recognition, and TDM-WDMhe single diffraction grating (600 lines/mm) such that the
data format conversion. With suitable optoelectronics ar@m‘fraction order from one beam Over|ap5 with thd order
materials, it may be feasible, for example, to implememiom the other. The two diffracted beams pass through Ians
such functionalities for 100-Gb/s time-division mU|tip|EXEthoca| |ength 6 Cm) and are Spectra”y dispersed in the back
optical data, by using 32-element smart pixel arrays operatipgurier plane of the lens. We have utilized both a collinear as
in parallel at 3.2-Gb/s frame rates. Such a combination @fll as a noncollinear geometry, in which the two beams are
functionality and speed is not Currently available through arwSp|aced Vertica”y by a few mm at the grating_ The two beams
established technology. interact in the KNb@ nonlinear crystal that is mounted on
a thermoelectric (TE) cooler for precise temperature control.
Since the spatial dispersions of the two beams are equal
in amplitude and opposite in sign, the spot with frequency
w, + Aw from the signal beam spatially overlaps and mixes
with the spot with frequencw, — Aw from the reference
beam. This interaction in a nonlinear crystal while satisfying
As noted earlier, a scheme for time-to-space conversitite phase matching condition results in generation of a blue
based on SHG within a pulse shaper was recently demonstref#c beam that oscillates at the optical frequeey and is
by Mazurenko, Fainman, and coworkers [2], [3]. Since thguasi-monochromatic. For a sufficiently short reference pulse,
SHG nonlinearity is essentially instantaneous, this work is &ne spatial profile of the blue beam at the output of the crystal
important advance compared to previous time-to-space convisrthe Fourier transform ok,(t). By performing a spatial
sion methods which depended on materials with slower nonliReurier transform using lens, (with focal length fo = 16
ear responses. However, in previous short pulse experimetis), a spatial replica of,(¢) is obtained and recorded using
where SHG was performed using angle-tuned type-lI phasecharge-coupled device (CCD) camera.
matching in an LBO crystal [3], the conversion efficiency was In order to illustrate the spatial dispersion within the pulse
rather low (0.1%). We have recently achieved femtosecorghaper, in Fig. 7, we have plotted data on peak wavelength as
optical time-to-space mapping with more than 50% conversianfunction of transverse position in the plane of the nonlinear
efficiency using temperature-tuned noncritical phase matchiagystal for both reference and signal beams. These data were
(NCPM) in a thick KNbQ nonlinear crystal. This increasemeasured by placing an optical fiber connected to an optical

L, NLC

IV. TIME-TO-SPACE CONVERSION USING
SECOND-HARMONIC GENERATION

A. Overview and Experimental Setup
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875 - In the following, we first describe the theory of time-to-
1 space conversion via SHG in a pulse shaper. We then proceed
870 - to discuss the experimental results.
’g 865 B. Time-to-Space Conversion Theory
= A theory for time-to-space conversion using spectral SHG
o 8607 was previously published by Sun, Mazurenko, and Fainman
% [3]. Here, we sketch a theory which follows a similar line, but
> 855 with some differences as well. These include the following:
= ] (1) We include the effects of group velocity walkoff and fi-
850 7 nite phase matching bandwidth in the nonlinear crystal.
; This is especially relevant for our experiments using
845 — T T T T a thick nonlinear crystal and allows us to predict the
45 40 05 0005 10 18 temperature tuning response of the nonlinear crystal
Position (mm) inside the pulse shaper.

Fig. 7. Plot of wavelength as a function of transverse position at the (2) We SpeCI?hze to the pr?'CtIC?‘"y _Importam Case_ of
pulse-shaper masking plane for signal and reference beams. The two beams ~ Gaussian input beams, which simplifies the calculations
have equal but opposite spatial dispersions. and leads to additional physical insight.

(3) We specifically relate the time window and other fea-

spectrum analyzer into the spectrally dispersed beams. By tures of signals produced in time-to-space conversion

translating the fiber in the spectral dispersion direction, we  ©© the relevant concepts that have previously been
were able to record the spatially dependent spectra. From developed in the context of pulse shaping.
Fig. 7, we see that the wavelength corresponding to the pealVe have previously analyzed the conversion efficiency
of the spectrum varies linearly with position. A linear fit to thdn SHG-based time-to-space converters and discussed how
data yields a variation of 10.488 nm/mm for the signal beatl achieve high efficiency [4]. Since this analysis is given
and —10.40 nm/mm for the reference beam. The slopes dlsewhere, it is not repeated here.
nearly equal and opposite, as required for this time-to-spacd-Or our calculations we assume input signal and reference
conversion scheme. fields, e;(t) ande,.(t) respectively, as follows:

Our experiments are performed using & 8x 6.2 mm a- es(z,t) = Re[ag(t)efwz/'wiejwot] (9a)
cut KNbG; crystal. KNbQ, a biaxial crystal that belongs —2? J0?, ot
to space grouBmmz2 is known to possess high nonlinear er(z,t) = Relar(t)e mel<of]. (9b)
coefficient ¢s2 ~ 20 pm/V) [78]. In addition to its good Herea,(t) ande,.(t) are the slowly varying complex electric
optical quality and large damage threshold [79], KNbOfield envelope functionsw, is the center frequency of the
allows noncritical type | phase matching for blue generatianput pulses, and Gaussian beams with radigisare assumed.
at around 430 nm by temperature tuning. These propertde takez to represent the transverse dimension in which the
make this crystal an attractive choice for our applicatiofrequencies are spatially dispersed. One would usually assume
Because of its large group velocity mismatch1(2 ps/mm a Gaussian variation in the second transverse direqton
for 860—430-nm conversion [80]) and narrow phase matchiag well; however, since there is no spectral dispersion in this
bandwidth ¢€0.07 nm for crystal length of 6.2 mm), thisdirection, they spatial variation has no effect on the time-
crystal has been useful mainly for doubling CW and tto-space conversion operation and is therefore omitted in our
some extent picosecond pulsed lasers. It is usually avoidatklysis. The Fourier transform of the signal pulse envelope
for femtosecond applications. Since our experiment conveftgction is given by
femtosecond input pulses into quasi-monochromatic upcon- et
verted pulses, the narrow phase matching bandwidth is not a As(w) = /dt a,(t)e (10)
serious limitation. This opens up the use of the large nonlineadi, 4 similar expression fort, (w).

coef_ficient ina noncritical_ly phase-mz?\tched_g_eometry W_ith NO The optical frequency components are spatially dispersed
spatial walkoff to allow high conversion efficiency and is arE)y the grating and first lens with focal lenggh. Following

important contribution of our work. In our experiment;_, th‘%tandard pulse-shaping analysis [1], [14], [56], [82] the signal
fundamental beam propagates along the crystallographids field ¢ (z, ¢) in the Fourier plane oL, is given by e6
with its polarization along thé-axis generating a nonlinear ?

polarization P(2w) with second-harmonic beam polarized

along thec-axis (using the nonlinear coefficiedt,). In this 1 .. oo )

case, the fundamental wavelength can be tuned between éﬁbw’t) - Re[ﬁd Ot/dwej "4 (w)e ( Sl (1)

and 940 nm for temperatures betwee8 °C and 180°C

[81]. Here, we tune the center wavelength of the laser to 857 e spatial dispersion parameteand focused spot size in the
nm which allows type-I NCPM for the quasi-monochromati€ourier planew, are given by (3a), (3b). The spatial dispersion
output at 428.85 nm at room temperature. of the reference field is assumed to be equal and opposite to
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that of the signal field. Therefore, we have Finally, the output field{ ;- (x, ¢) in the back Fourier plane of

1 . . 2, o lens L, is obtained by performing a spatial Fourier transform
ez, t) = Re[?c’th/dwc]“tAr(w)c(x+a“) /v |, (12) [86]:
70

The r_lonlinear polarization responsible_ for time-to-space (. ) :/dxle/SHg(xl’t)e_j,gmf (16)
conversion depends on the product of signal and reference
fields. We ignore the self-terms due to the reference and sig(g|ere B = 2 s the Fourier transform scale factor. The
fields individually since: 1) these terms do not result in timgxg it is cfe
to-space conversion; 2) these terms are not phase matched
2
i e?jwote—é(,ﬁwoac)z
2m

except for frequencies very close ¢g; and (3) these terms y R
can be eliminated by using a noncollinear beam geometry. cspa(2,t) ~Re
The component of the nonlinear polarization oscillating near

the second-harmonic frequen@y, is written -/dQem(“’MgI)e_%(%)sz\q(Q)
PNL(J},t) '
~ Re 1 62jwot .dw ejwltA (UJ )e—(ac—awl)z/wi . /dwlc_]a'@xw1 AS(W1)AT(Q—6¢)1) .
(27T)2 1 5 1
. 2 s (17)
'/dCUQCsztAT(CUQ)C_(m-i—awZ) /wi | (13)

We now make the simplifying assumption th&t(Q2 — w;) =
Here, we have assumed that depth of focus is sufficiently.(—w,). This is valid provided that the reference spectrum
long that the beam radius does not vary appreciably withiibes not vary significantly within the spectral resolution of the
the nonlinear crystal, an approximation that is only partlyulse shaper, i.e., within the range of physically overlapping
true in our experiments. However, since most of the secofrdquencies present at any single positiorat the nonlinear
harmonic is generated near the beam waist, this approximatigrgstal. We do not place any such restriction on the signal
is expected nevertheless to yield reasonable results. We rgyectrum. We can then rewrite the output field as

introduce the frequency variabl® = w; + w2, which
physically signifies an actual second-harmonic frequency at ,,
2w, 4. Substituting in forws and combining all the Gaussian  “SHG
terms, one obtains

(z,t) ~ Re

7

<2i)2@2fwot3(x)0(x,t)p(a:) (18a)

where
Pyp(z,t )
NL( ) ) , B(.’I’) _ e—%(,ﬁwoa}) (18b)
~ - 2jwet FQt —l((yQ/'wo)z . a2
Rel<27r> el /dQCJ e 2 Cla,t) = /dQCJQ(H—agm)C—%(ﬁ) Hpm(2)  (18c)
: / dwlAS(wl)A,,(Q—wl)e2[’”+%(“2‘“1)12/w§]. D(z) = / dwy e 707 A (1) Ap(—wr).  (18d)

(14) Physically, B(z), C(z,t), and D(x) represent the finite-
In the undepleted pump approximation, the generated secopg@tial (or temporal) window for time-to-space conversion,
harmonic field ¢k (2,t) at the output of the nonlinear the tgmporal output waveform, an_d th_e tlme-to—_space mapping
crystal is simply proportional tdxr.(z, ), assuming broad- function, respectively. Each term is discussed in further depth
band phase matching. The case of finite phase matchiffg®W: i , i i )
bandwidth is handled by multiplying by an additional filtering -t US first discuss the time-to-space mapping function
function Hpy(R2) that acts only on the second-harmonid(¥). Which is the Fourier transform off,(wi)A,(—wy).
frequency parametef2. As is well known [83]-[85], the Evaluating the transform yields
finite-phase-matching bandwidth arises due to group velocity
walkoff between the fundamental and second-harmonic fields, D(x) = /as(aﬁﬂ?/)ar(@ﬁ(f +z))dx’. (19)
where the bandwidth within which second harmonic can be
efficiently generated is inversely proportional to the grouphe output field is a spatial replica of the cross correlation
velocity walkoff. The generated field after the nonlinear cryst@f the signal and reference field envelopes. It is important
is then written as to note that neither field is complex conjugated, unlike the
s (2, 0) usual case of electric field correlations obtained, e.g., by using
SHGA™ ) an interferometer. In the limit where,.(t) is much shorter
<i> 62jwot/dge_%(a§2/wo)2H (Q) than a,(t), the spatial profile of the output electric field is
2w M proportional toa.(«f3z). Thus, the time-to-space mapping
function can be written

~ Re

] dwi Ay (w1)Ap(Q — wy e 2ETE Q=2 P wl] ]
/wl (w1)A( wri)e t — afzx (20a)

(15) z o (af)" it (20b)



326 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 4, NO. 2, MARCH/APRIL 1998

where array, the detected signal will be proportional to
(af)~" = (jj_) <2w ) <w> [ senta ) dt ~ 1B@D@P [0 0P dr. (23
1 Wo
B < f2 ) <cd COs 9d> (200) From Parseval’s theorem, we can write
\A 2\ ' :

|C(z, )| dt ~ / e~ @) gL ()2 Q. (24)
(a3)~1 is the time-to-space conversion factor, with units ~
meters per second. This expression is the same as that H&is iS independent of both and ¢, and therefore, has no
scribed for the case of time-to-space transformation usingS§ect on the detected image. _ .
thin photorefractive film [67] except for a factor of 1/2, which From this, we see that a finite phase matching bandwidth
arises due to the difference in input and output frequenciédd hence a finite-group velocity walkoff) does not influence
(wo and2w,). t_he fqrm of the o!etecte_d image, since thelependence of the
Note also that the output field profile depends only on tHine integrated intensity is unaffected by th&-y(€2) term.
relative timing of the signal and reference pulses, not on thiowever, this term does affect the overall amplitude of the
absolute timing of either field. Common mode timing shifts df"29€ and dictates the phase matching response in the time-to-
both fields do not lead to any shifts in the output spatial patteffPace geometry. We return to this point later when we discuss
This is one simple manifestation of the correlation operatidh€ {emperature tuning bandwidth of our experiments.
expressed by (19). One can also perform experiments Wher(,E'na"y' we comment on the t'm? t_)e_hawor of the ogtput
the reference pulse is itself patterned in time. In this callﬁgage as determined by(z, ¢). For mﬁmte phase matchmg
the output spatial profile is the correlation of the two inp andwidth, Hpy(€) = 1, the output is a Gaussian pulse
temporal waveforms. with an intensity FWHM duration equal to one half of the

We next discuss the spatial window functid{x). Clearly, gmte W_mdgvt\; gtl;]/en by t(2I2). Trl"?_ pulsfethduratlon LS aga;:n h
this function reduces the intensity of the output imageras etermined by the spectral resolution of the apparatus, whic

becomes too large. Since there is a linear mapping betvz«reeﬁllso dgtermines the -bandwidth of the .quasi-monochromatic
andt, this means that there is a limited time window (center %Jtpm image. A restricted phase matching range narrows the

on the reference pulse) within which the signal pulse caneg ndwidth and broadens the duration of the output pulse. In

imaged. The full-width at half-maximum of the output spatiafil dition, the pul_se has a position depend_ent dela_y equal to
. S —afz/2. The ratio of the delay to the spatial coordinéie
intensity is given by

is equal to one-half of the time-to-space mapping constant
— -G Once again, this is similar to a phenomenon arising in pulse
4vin2 = In 2 fywin c0s b (21) shaping, namely, in the absence of output spatial filtering, the

Pwo J1cosbin pulse-shaping temporal window is offset frotm= 0 by an

The equivalent intensity full-width maximum time window is2Mount proportional to the spatial offset) [58].

given by

FWHM,, =

C. Time-to-Space Conversion Experimental Results

dovIn2  2vIn2win A

W, cdcosby,

We now report experimental results for the setup discussed
in Section lll-A. The key parameters for these experiments
are: fy = 6 cm, fo = 16 cm,d~* = 600 mm!, A = 857.7
Physically, we can understand this windowing effect as fo,hm,win =1.05 mmg,, = 3%, andd, = 1.7°. From these we
lows. At any physical location: at the nonlinear crystal, calculatew, = 13.1 um, o = 1.4x 10~'* cm/Hz, andj3 =
there coexists a range of frequenciass ~ w,/2ra. The 9.16x 10® cm=2. The angles given are for the signal beam.
SHG at a single spot at the crystal results from an integratigme input angle for the reference was adjusted to give nearly
over all the frequencies contributing to that spot. As longqual (but opposite) spatial dispersion.
as the signal spectrum is smooth on the scaledef this  Fig. 8 shows data used to determine the time-to-space
does not affect the generated second-harmonic field (we hawgpping constant of our setup. Here, both reference and signal
already assumed earlier in our derivation that the referensgises were unshaped pulses directly from the Ti:sapphire
spectrum is smooth on the scale aAf-). However, if the laser. A series of measurements were taken with a stepper
spectrum does vary significantly within thi&w, then that motor stage used to vary the delay of the signal pulse with
variation is smoothed out by the averaging over a finite rangespect to the reference. A low pump powerdQ mW) was
of frequencies. This determines the minimum-sized feature ¢ghosen for these measurements (as well as other measure-
the frequency domain, which can accurately be converted int@nts unless otherwise noted) to satisfy nondepleted pump
a second-harmonic spatial pattern at the nonlinear crystal. ltisnditions for the harmonic generation. Fig. 8 is a plot of the
worth noting that the time window formula, (22), is exactly théorizontal position of the output spot, as measured on the CCD
same as the window obtained in the analysis of pulse shaptraymera, as a function of signal pulse delay for a delay range of
(6). approximately 10 ps. A straight line dependence with slope 0.8

We now comment on the termd(z,¢). Since the output mm/ps is observed, in good agreement with the value 0.770
image will usually be detected by a time-integrating detectanm/ps calculated from (20c).

FWHM, =

(22)
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Fig. 10. Time-to-space mapping images detected by the CCD camera for an
unshaped reference pulse. (a) Unshaped signal pulse. (b) Pair of signal pulses
enerated by inserting glass slide into the beam from the side. (c) Pair of

?gnal pulses generated by inserting glass slide into the beam from above.

beam optical beam

glass slide

glass slide
@ (b)

Fig. 11. Geometry for generating pulse pairs. (a) Glass slide inserted into
the beam from the side. (b) Glass slide inserted into the beam from above.

for the interaction of two identical pulses with zero time delay
between them. Fig. 10(b) shows the image obtained when a
pair of signal pulses is generated by inserting a thin glass slide
into part of the signal beam from the side [geometry shown
in Fig. 11(a)]. The time-to-space process converts the signal
pulse pair into a pair of two blue spots. The distance between
the two spots in Fig. 10(c) was measured to be 1.3 mm,
which corresponds to 1.63-ps time delay. This is in excellent
greement with the predicted valuerot (n—1)s/c = 1.667

ps, wherec is the speed of lights = 1 mm is the thickness of
the glass slide, and = 1.5 is its refractive index. Fig. 10(c)

Fig. 9 shows the power in the output spot (in arbitrary unitsshows another image of a signal pulse doublet, where this
as a function of delay in the same measurement as for Figtithe the doublet is created by inserting the glass slide into
The time window, within which the second-harmonic intensitthe signal beam from above [geometry shown in Fig. 11(b)].
remains at>50% of the intensity obtained at zero delay, is 3.8ince the two signal pulses arrive at the nonlinear crystal
ps. This is reasonably close the value of 3.58 ps obtained framslightly different angles in the vertical direction, the two
(22). The time window data plotted in Fig. 9 does show sonmitput spots are slightly displaced from one another in this
asymmetry not predicted in our analysis. This may arise frosame vertical direction. These measurements demonstrate the
deviations from the assumed Gaussian beam shape.

Fig. 10 shows actual time-to-space mapping images dmocessing, by using one spatial dimension for time-to-space
tected by the CCD camera. In Fig. 10(a), the image showndenversion and the second for pure space-domain processing.

possibility of further mixing space and time in time—space
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as the average power of the reference (or pump) beam is
varied for a fixed signal average power of 5.3 mW arriving at
the nonlinear crystal. A linear dependence is observed. At a
pump power of 160 mW (again measured at the nonlinear
crystal), 3.12 mW of blue is detected corresponding to a
conversion efficiency of 58%. The data presented in Fig. 13
were obtained with the signal and the reference beam aligned
to propagate collinearly in the crystal. This means there is
@) (b) some cross-talk due to the blue light generated by the reference
Fig. 12. Time-to-space mapping images detected by the CCD camera Efir?d Fhe signal beams. |no_I|V|duaIIy. Such cross_talk due to the
ideﬁticél reference and signal pulse doublets. The images correspond to'ﬁgl\”dual beam contributions are neglected since (a) only a
correlation of the reference and signal waveforms. (a) Pulse doublets gener&adirow range of input frequencies very closewtpare phase
by i'nserti_ng glass slit;ie ir_1to beams from the side. (b) Pulse doublets generqwg_tched, and (b) the blue Iight generated from the individual
by inserting glass slide into beams from above. . . s . "
beams is spread uniformly over the entire “time window” in
the plane of the CCD. Nevertheless, we have also performed
experiments in a noncollinear geometry that eliminates the

0.566 *e 1 30
. signal from individual beams. In this case, we measure a

0.472 i 25 © conversion efficiency~2/3 as large as in Fig. 13.
2 1 = We have analyzed the efficiency of the SHG inside the time
é 0.877 . 20 % to space converter and have found that the predicted efficiency
S o283 : 155 is in reasonable agreement with the experimental results. Our
5 gt él efficiency analysis will be published elsewhere [4]. The key
2 0.189 . 102 to this high-efficiency is the use of KNQwhich has a high
§ . nonlinear coefficient and which can be temperature tuned for
O 0004 7o 05 noncritical phase matching allowing a long interaction length

0.000 4% 0.0 in the nonlinear crystal.

Finally, we analyze the temperature dependence of the SHG
in our time-to-space converter. From (24), the output power
P, is proportional to

Fig. 13. Second-harmonic conversion efficiency, defined as output blue )

power normalized to input signal pulse power, as function of average reference —(af2/wo)? 2

pulse power. Signal pulse power is held constant at 5.3 mW. All powers are Fouy ~ e |HPM(Q)| ds2. (25)
measured at the second-harmonic crystal.

0 20 40 60 80 100 120 140 160
Reference Power (mW)

The temperature variation of the output power is given by

However, note that the space-domain processing is limited by

the _phase matching acce_ptance angle for effic_ient SHG. Poui(T) ~ /ef(asz/wo)z ‘HPM <Q _ @(T — To)>
Fig. 12 demonstrates time-to-space conversion data for the or

case when both signal and reference beams are shaped. Iden- (26)

tical pulse doublets are obtained by inserting the glass slide

into the beam directly out of the laser before the beam V¥here d2/0T is the slope of the phase matching peak (in

split into signal and reference. According to (19), the timedngular frequency units) vs. temperature curve, Ands the

to-space conversion will yield an image determined by tHgmperature at which the phase-matching peak coincides with

autocorrelation of the (identical) signal and reference fieldd. = 0 (i.e., at second-harmonic frequery,). Recall that2

The spatial image resulting from a pulse doublet input shouigfers to the second-harmonic frequency (relative to the central

then consist of a symmetric three peak structure, with t1G frequency2w,) The phase matching spectral response

center peak more intense than the two outer peaks. The dif3ction Hpw(€2) is given by [84]

in Fig. 12 confirm this prediction, with the glass slide inserted .

into the beam either from the side (a) or from the top (b). | Hen(Q) = 2 (AkL/2) (27a)

In addition to demonstrating the correlation property of time- (AEL/2)?

to-space conversion, these data provide further evidence of

the ability to perform time—space processing in one transver‘ggere

dimension while performing pure spatial processing in the AR <1

2
ds}

1

second transverse dimension. - v

) Q. (27b)
The IR signal-to-blue conversion efficiency of this system wTe

was measured using a power meter placed at a close distalRoe a group velocity mismatch of 1.2 ps/mm and a 6.2-
from the output facet of the crystal. The conversion efficienaym crystal, we estimate the FWHM width ¢fpy|? to be

of the signal beam is expected to depend linearly on the pu®73 nm, corresponding to 7.4810 rad/s. The measured
power. Shown in Fig. 13 is the variation of the efficiencyariation of the phase matching peak with temperature for

v(] w=2w,
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1.00 V. SUMMARY

We have described spectral methods for shaping, processing,
and time-to-space conversion of femtosecond optical pulses.
Pulse-shaping techniques, which are now relatively well es-
tablished, allow synthesis of nearly arbitrarily shaped ultrafast
waveforms. Spectral holographic processing techniques enable
storage and recall, time reversal, convolution, correlation, and
matched filtering of such shaped femtosecond signals. Hybrid
spectral holography systems can be used for time—space con-
version of femtosecond waveforms. In order to implement
more sophisticated processing of ultrafast pulse sequences,
including digital logic operations, we have proposed a new
generalized space—time processing concept in which input
pulse sequences are first converted into the space domain,
processed electronically using parallel smart pixel optoelec-
tronic arrays, then converted back into the time domain to yield
: : : : : 5 : the processed output bit sequence. Such cascaded time—space
0.00 i i i i i i | systems depend critically on the ability to perform time—space

-08 -06 -04 -02 00 02 04 06 08 conversions atthe gigabit-per-second frame rates appropriate
for high speed communications. For this reason we are pursu-
ing time-to-space conversion experiments using a scheme [2],
Fig. 14. Blue output power plotted as a function of crystal temperature ff8] based on SHG within a pulse shaper, which is consistent
fixed frequency input pulses. Circles and wider dash—dot curve: data apghh these speed requirements. We have presented a detailed
Gaussian fit to the data. Narrower dash—dot line: theoretical temperature . . . .
response curve, computed solely from the pulse-shaper spectral resolutio®Nalysis of this time—space conversion scheme in a form that
facilitates comparison with pulse-shaping theory and have

our crystal is 0.188 nrAC (99/9T = 1.91x 10'2 rad/sfC). descriped a series of gxperimgnts vaIidating the theoretical
I%nalyss. By using a thick nonlinear crystal in a temperature

tuning bandwidth should be 0.3€. This is in reasonable tuned noncritically phase-matched geometry, we have demon-

agreement with the data in [57], which reported a temperatLﬁEatEd greater than '50% conversion efficiency in the se'cond-
FWHM of 0.53°C for a 5-mm KNbQ crystal (which would hgrmomc Cry§tal, Whlch is more than two Qrders of magmtude
correspond to 0.43C for a 6.2-mm crystal). higher than in previous experiments. This demonstration of

The width of the ¢—(@2/wo)® term appearing in (26) high efficiency should contribute to realization of generalized

is roughly 1.56< 102 rad/s, which is twice as wide aStime—space systems capable of performing sophisticated pulse

| Hpai(€)2. Therefore, the phase matching spectral respor%@cessmg operations with realistic power budgets and at

is narrower than the pulse-shaper spectral resolution under gme rates suitable for high-speed communications.
experimental conditions. Thus, as a first approximation we can
replace Hpy; in (26) as a delta-function, with the following

result for the temperature dependence of the output power; 1he authors acknowledge D. E. Leaird for technical assis-
tance and for help with preparation of the figures and K. T.

o /09 2 Kornegay and L. Y. Chiou for collaboration on design of smart
P (T) ~ exp <— [w— <8_T> T - To)} ) (28) pixel chips for pulse processing.

The temperature response is determined by the spectral resolu-
; ; ; [1] A. M. Weiner, “Femtosecond optical pulse shaping and processing,”
thn function of the pulse shaper. Fig. 14 shows a plot of (28)} Prog. Quantum Electronyol. 19, pp. 161-238, 1995,
with a FWHM temperature width of 0.81C. Measured data [2] v. T. Mazurenko, S. E. Putilin, A. G. Spiro, A. G. Beliaev, V. E. Yashin,
(together with a Gaussian fit to the data) are also plotted, giving and S. A. Chizhov, “Ultrafast time-to-space conversion of phase by the
a 1.03°C temperature FWHM. Both values are substantially method of spectral nonlinear opticEpt. Lett, vol. 21, pp. 1753-1755,
. . A ¢ 96.
above the 0.39C value calculated for conventional SHG with [3] p. C. Sun, Y. T. Mazurenko, and Y. Fainman, “Femtosecond pulse
CW light. We can better approximate the expected temperature imalgliggt lfg;a;ast optical oscilloscopeJ. Opt. Soc. Amer. Avol. 14,
width if we take the finite W'dth .OHPM into account. A rough [4] A. M. Kan'an and A. M. Weiner, “Efficient time-to-space conversion
sum-of-squares convolution yields an expected temperature of femtosecond optical pulses,). Opt. Soc. Amer. Bvol. 15, pp.
width of 0.90°C, in reasonable agreement with our data. This_ 1242-1245, 1998. _ _ - _
agreement confirms that the temperature acceptance ranae’ A. M. Weiner, J. P. Heritage, and E. M. Kirschner, “High-resolution
g ) - _p p_ A g femtosecond pulse shaping,”Opt. Soc. Amer. Bol. 5, pp. 1563-1572,
the current experiments is dominated by the finite spectral 1988. _
resolution, which is related to the presence of a range dfl A. M. Weiner, D. E. Leaird, J. S. Patel, and J. R. Wullert, “Programmable
| individual ial | . in th shaping of femtosecond pulses by use of a 128-element liquid-crystal

spectral components at any Individual spatial location In the phase modulator,TEEE J. Quantum Electronvol. 28, pp. 908-920,

dispersed beam. 1992.
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