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Real-Time Spatial-Temporal Signal Processing
With Optical Nonlinearities
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Abstract—The instantaneous response time of parametric op- mance gains due to efficient utilization of the ultrashort pulse
tical nonlinearities enable real-time processing of, and interaction pandwidth. The ultrafast modulation and detection processes
between, spatial and temporal optical waveforms. We review the that these techniques require cannot be accomplished by con-

various signal-processing alternatives based on three- and four- entional electronic means. due to the limited response time of
wave-mixing arrangements among spatial and temporal informa- vent ' » au imi P :

tion carrying waveforms. The fast response time of the interac- €lectronic compon_ents, and require nQVe| real-time optical pro-
tion permits information exchange between the time and space do- cessors based on instantaneous nonlinear phenomena.

mains, providing the ability to correlate and convolve signals from During the last few years, we have developed real-time
the two domains. We demonstrate the usefulness of real-time S'Qnaloptical processors utilizing nonlinear wave mixing of two

processing with optical nonlinearities with the following experi- th . t iqinati f tial i |
ments: converting waveforms from the time to space domain as or three input waves originaling irom spatal or tempora

well as from the space to time domain, spectral phase conjugation channels for synthesizing, processing, and detecting ultrafast
and spectral inversion of ultrafast waveforms, transmission of the waveforms. These devices perform real-time optical signal

spat@al correla_tion function on an uItrafast_waveform, and a sug- processing that can be applied to data conversion between
gestion for a single-shot triple autocorrelation measurement. slow parallel channels and an ultrafast serial signal. For the

Index Terms—Femtosecond pulse shaping, optical information data modulation application, we demonstrated a space-to-time
processing, optical signal processing, space-to-time conversionmapping processor that converts spatial frequency information
time reversal, time-to-space conversion, ultrafast processes. from an input spatial channel to the temporal frequency content

of an input ultrashort pulse [9], [10]. Using a four-wave-mixing

|. INTRODUCTION arrangement utilizing cascaded second-order nonlinearities, the

output channel yields an ultrafast waveform that is a time-scaled
ARNESSING ultrashort laser pulse technology for fuFeplica of the input spatial image. For detection of ultrafast

lttyre h|gh—cap;C|ty ofptlc_alf comrtr_lum;:anon .Sys.temsu{p'ﬁlkfaveforms, we built a time-to-space mapping processor, which
resut in new paradigms for information transmission. e,y qq o spatially inverted temporal frequency information
short pulses can be used as a basis for time-division muItlpIex%

; ) o o . . dvesin a three-wave-mixing arrangement, generating a spatial
in a fiber communication application, with the potential to carry

ignal ing the t li f tecti I lec-
ultra-high-speed data [1], [2]. The broad spectrum of ultrash IEna cartying the temporal image for detection by slower elec

. . ) . tronic means [11], [12]. The two input temporal channels, the
pulses can pe l.m“;ed as a IOW"?O'Se mult|ple-chgqngl th'T} t carrying the desired ultrafast information and the second a
source for d.|str|but|on .Of data using yvgvelength-dm&lon MUfeference ultrashort pulse, yield a quasi-monochromatic wave
tlple>'<|ng by implementing spectra! slicing technlqu.es n e't.heifue to the mixing process at every point in space between two
t_he time [3] or th_e space [4] domain. Data networking applic pectral components that result in a constant carrier frequency
tions may benefit from the asynchronous property of code- Hue to the mutually inverted spectra arrangement in the space

vision muitiple access (CDMA.)’ which can be perfo_rmed _b}ﬁomain). By introducing only temporal information channels
spectrally encoding and decoding ultrashort pulses with uniqye processor, we have demonstrated real-time optical pro-

qodes assigned to aII_ users of the network [5], [6]. More soph essing of temporal waveforms. We performed time-reversal
ticated data modulation formats, such as ultrafast pulse pac beriments using a four-wave-mixing arrangement with

t'ransmission. on dgsignated time S!Ots [7]and hybrid.pulse POformation carrying ultrafast waveform and two reference
tion modulation with CDMA encoding [8], can result in perfor

‘Ultrashort pulses [13]. The time-reversal experiments were
based on performing spectral phase conjugation and spectral
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poral frequency information; 2) monochromatic wave carrying
spatial frequency information; and 3) ultrashort pulse with no
spatial information. We assume that all input waves have the
same center angular frequengy. Furthermore, the informa-
tion contained in thegy-axis is omitted, as we consider one-di-
mensional (1-D) spatial images only and the temporal informa-
tion is inherently 1-D. We configure the input optical signals
with a lateral displacement, for convenience as well as for sat-
isfaction of the noncollinear phase matching requirement. This
lateral shift introduces a constant linear phase component in the
Fourier plane, which is omitted here for brevity.

The SDW is generated by diffracting the ultrafast waveform
signalp(¢) from the input plane grating, at an incidence arjle
relative to the grating normal, such that the diffracted wave at the
center frequency of the ultrashort pulse is propagating parallel
to the optical axis. The field at the back focal plane of the lens,
or the Fourier plane, is described by [12]

fon ot ' wo L wox’
USDW(aZ,t)—w< a>P<aF>eXp <J F t)

X exp(—juwot) (1a)

where
P(w) temporal Fourier transform ¢f(¢);

Fig. 1. Input optical waves for consideration in Fourier plane processing. w(e) beam projection profile on the input diffraction grating
(a) Spectrally decomposed wave, (b) spatial frequency information, and (c) (or pup" function)'
ultrashort pulse. '

@ grating’s angular dispersion parameter= sin(6));

F lens focal length;

combinations of the input optical signals. A table is constructed . speed of light in vacuum.

for each interaction type, with columns for the various inpytquation (1a) describes a wave of finite duration (limited by the
waveforms, leading to a unique output signal at each row. W@\pil function), whose transverse profile (aloa carries the

find that this generalized approach describes not only the §&mporal spectrum information, with a rotating wave-vector in
periments we have reported but also experiments conductediiiye. It represents the limiting case of a high-resolution SDW,
others in the past and some new results that are described hetgipjicable when the duration of the ultrafast waveform is much
We demonstrate the transmission of the correlation function iorter than the travel time across the pupil function. In cer-
spatial images on an ultrafast waveform and describe a megn signal-processing applications, itis desirable to disperse the
surement technique of ultrashort pulses that provides the trigl§actra in the opposite direction. For this case, we introduce the
correlation values, from which the precise pulse intensity coulgkrafast waveform from the opposite size (at angl@), uti-

be extracted. . _ _ _lizing the opposite diffraction order, resulting in the SDW field
This paper is organized as follows. Section Il defines the input

spatial and temporal waves that we consider for interaction via Usow ('3 ) = w ct p _ww exp _jwox/t
the optical nonlinearities. We limit the scope of this study to in- ’ o aF e
teraction at the Fourier plane of a 4-F system, where spatial and ; b
. . . x exp(—jwot). (1b)
temporal frequency information appears. The resulting output
waveform combinations in the cases of three- and four-wayge assume that the pupil functions of the SDWs of (1a) and (1b)
mixing are analyzed in Sections Il and IV, respectively. Newre equal and even functions, resulting in an identical duration
results are described in Sections V and VI, followed by commnd temporal variation for the two functions. Further inspection

cluding remarks. shows that the temporal frequency information is reversed, as is
the wave-vector rotation direction.
Il. SPATIAL AND TEMPORAL INPUT WAVES The spatial information wave is generated by a 1-D mask

The spatial and temporal input waves interact by the nofi(#) Placed at the input plane of the lens and illuminated by a
linear mixing process at the Fourier plane of a 4-F processg}pnochromatlc Ilght_source. At the_ backfo_cal plgne of the lens,
The 4-F arrangement has traditionally been used for coher¥fft OPserve the spatial frequency information, given by [16]
processing of spatial images [16] and modified for processing &
of ultrafast waveforms by introducing diffraction gratings at the Uspatial(#'3t) = M < 3 F) exp(—jwot) 2
input and output planes [17]. The input waves that are to be con- 0
sidered in the wave-mixing processing are (see Fig. 1): 1) spadere M ( f,) is the spatial Fourier transform of the image and
trally decomposed wave (SDW), i.e., spatially dispersed temy is the wavelength.
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TABLE |
ULTRAFAST SIGNAL-PROCESSINGALTERNATIVES WITH THREE-WAVE MIXING
Input U; Input U, Resultant Us Qutput signal Comments
SDW SDW SDW with doubled | Ultrafast waveform: | Output at doubled carrier
spatial dispersion convolution of input | center frequency
waveforms
SDW Inverted Quasi- Spatial signal: correlation of | When one input wave is
SDW monochromatic input waveforms transform limited — time-
wave to-space conversion
Spatial Spatial Spatial frequency | Spatial signal: convolution
frequency frequency wave of input images
wave wave
SDW Spatial SDW Ultrafast waveform: | Output at doubled carrier
frequency correlation of input | center frequency
wave waveform and spatial image
Ultrashort Ultrashort Ultrashort pulse Image of output wave: | Standard intensity cross-
pulse pulse correlation of input | correlation measurement
waveforms
Spatial Ultrashort Ultrashort pulse N.A. Can be used for frequency
frequency pulse up-conversion
wave
SDW Ultrashort Ultrashort pulse Image of output wave: | Can be used for time-to-
pulse convolution of  input | space conversion
ultrafast waveforms
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Finally, we also consider a wave that carries the temporal iwaves of (1)—(3). Table | summarizes all the fundamental wave
formation directly (as opposed to the temporal frequency infatembinations and the resulting processing achieved at the output

mation) with no spatial dependence, defined by

UTemp(-/E/; t) = p(t) exp(—jwot).

forms a time gating functionality.

The waves defined in (1)—(3) interact using the parametric
processes of a nonlinear crystal. We seek to identify the

signal.

(3) A. SDW-SDW Mixing

When this signal is utilized with a real-time nonlinearity, it per- The wave produced by the product of two input fundamental

waves of the form of (1a) is given by

signal-processing capabilities that are enabled by the ability

i o2 et ' wg
Ug(.’L’,t)—w < a>P1<aF>P2<

/

to generate the product of the waves. For this purpose, the X exp <j 2wox t) exp(—j2uwot). @)
wave-mixing crystal is thin, such that phase mismatch and al’
walkoff effects are not considered. Depending on the comipplying a spatial Fourier transform to the output plane, with

nation of input waves, the output signal will be in either théne Fourier kernel adjusted for the new carrier frequency, yields
time domain or the space domain. It is further assumed that

. : - 1 t )
all waveforms arrive at the processor at the same time (i.el/ouw(2”;%) o< ¥ <2 <t o )) w? <—c—> exp(—j2wot)
67

no time delay between waveforms), unless otherwise noted. ¢ (5)

In a three—wave—mmmg arrangement, the product of the tVWnerey(t) = p(t) © po(t) and® denotes the convolution op-
waves is produced by a noncollinear frequency-sum proceggyior. The new ultrafast waveforate) scans along the output
The output wave will be at a doubled carrier frequency. Iane at a velocity of /«. If the signal of (5) is diffracted from a
the four-wave-mixing arrangement, the output is at the sarge,ing with a spatial frequency that is double that of the grating
carrier frequency due to the degenerate configuration. Wewe innyt plane of the processor, then the waveform will prop-
implemented the four-wave mixing by a cascade of three-wayg e in free space. The doubled spatial frequency is required
processes; frequency-sum followed by frequency-differencg, o the center wavelength has been halved. The new waveform
in a noncollinear type-Il phase-matching arrangement [18]. | ;006 rtional to the convolution of the two input waveforms,

this arrangement, the output signal is copropagating with Opgiting from the information exchange among the temporal

of the input signals, but at an orthogonal polarization state. Tﬂ%quency components f (¢), p2(¢), andy(¢)
output signal can be extracted with a polarization beam splitter. ’ '

The three-wave-processing capabilities are developed nexg.  spw-Inverted SDW Mixing

The wave produced by the product of two mutually inverted
SDW is given by
In a three-wave-mixing process, two input waves generate a ot ot " 2w
third output wave that is proportional to the product of the two Uz(z'; ) =w <——> w <—> Py < 0) Py <——0>
waves, i.e.,Us x x@U,U,. Each of the input fundamental al ak
waveslU; and U, can have the form of any one of the three x exp(—j2wot). (6)

I1l. ULTRAFAST PROCESSINGWITH THREEWAVE MIXING

(0% (0%
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D. SDW-Spatial Wave Mixing

M The wave produced by the product of a SDW of the form of
(1a) and a spatial frequency information wave of the form of (2)

B s given by

] |
W ) { ct z'w !
- i) = (=57 (5F) 2 (57
sk X exp <J wO; t) exp(—j2wot). (10)
a

Fig. 2. Experimental setup for time-to-space conversion using mutually _ ) ) )
inverted spectrally decomposed waves with three-wave mixing. Ins¢\pp|y|ng a spat|a| Fourier transform to the output plane, with

experimental result showing converted image from an ultrafast pulse sequenge, oy rier kernel adjusted for the new carrier frequency, yields
Temporal information can be inferred from image with knowledge of scaling !

factor.

2oz’ ct
Uput(238) oy <t o ) w <—) exp(—j2wot) (11)
Applying a spatial Fourier transform, with the Fourier kernel © “

adjusted for the new carrier frequency, yields wherey(t) = p1(t) ® ma(ct/a). The new ultrafast waveform

y(e) scans along the output plane at a velocity:f«. Since
2az” ct ct Dt both the scanning velocity at the output and the center wave-
Y\ Ta )"\ o exp(—j2wot) length have been halved, it is necessary to place a grating with
(7)  a spatial frequency that is quadruple that of the grating in the
wherey(t) = pi(t) @ p2(—t). The stationary spatial signal,input plane of the processor for the waveform to propagate in
y(e), is proportional to the convolution of the two inputfree space. The new waveform is proportional to the convolu-
waveforms, where one of them is reversed in time. Thifon of the input ultrafast waveform and the spatial image, when
mixing process was developed for time-to-space conversiggaled byc/« to a time-domain variable. Mixing the temporal
by using a reference transform-limited pulse for the reversgéquency content of an ultrashort pulsgt) with the spatial
waveform [11], as illustrated in Fig. 2. We have performeftequency information of an image.(x) can therefore be used

such time-to-space conversions with ultrashort pulses varyigigperform pulse shaping for the output wavefay(), albeit at
in energy levels from subnanojoules (for compatibility with opa converted wavelength.

tical communication applications [19]) to millijoules with both

LBO and j-barium borate (BBO) crystals, with informationg Mixing Ultrashort Pulses
conversion efficiencies as high as 120% [12] (the conversion h duced by th duct of two ultrashort pul ¢
efficiency can exceed 100% due to an equal energy contributi%an ewa\]:espro hu.lce I yt e]?ro ?.C o d.?fu ras grtpu Ses0
from the reference pulse). The high conversion efficiencyj eformo (. )’V.V e aflowing for atiming ditierencebetween
possible due to the favorable phase matching that the mutu pulses, is given by

inverted SDWs support [20].

Uout(x//;t) XYy <_

Us(a';t) = p1(t)p2(t + 7) exp(—j2wot). 12

C. Mixing Spatial Information Channels
Suppose next that we place a slow detector at the output of the

. fThe wave p;roducIeQ by_ the ErOdUCt of two spatial frequenc&yysta to measure the intensity of the generated second har-
information channels is given by monic light. The instantaneous intensity that is incident on the
detector is

! !
Us(z';8) = M <x—>M <a:_> exp(—j2wol). 8
a(@3t) Y\ o A\ N F p(=j2wof).  (8) L2’ t) = |Us(2';0))? = [pr()p2(t +7)> = L) L (t + 7).

(13)
Applying a spatial Fourier transform yields
However, due to the slow response time of detector, the mea-
Uoua(2";1) = y(=22") exp(—j2wot) ) surement registers the accumulated signal, given by

wherey(z) = my(x) ® ma(z). The output spatial signal is a Is() = /Il(t)b(t +7)dt. (14)

convolution of the inputimages and is a typical output signal in

Fourier optics [16] apart from the scaling factor of two, causethe output signal is the well-known intensity cross-correlation
by the frequency doubling. The same signal-processing furaf-the ultrafast waveforms, the most fundamental short pulse
tionality can be achieved with photorefractive recording mediaeharacterization technique [21], [22]. Note that the intensity
as the fast response time of the parametric processes is notress-correlation signal is observable in space in a noncollinear
quired here. arrangement (by imaging the output light), but our simplified
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TABLE 1
ULTRAFAST SIGNAL -PROCESSINGALTERNATIVES WITH FOUR-WAVE MIXING
Input U, Input U5 Input U, Resultant | Output signal Comments
Uy
SDW SDwW SDW SDW Ultrafast waveform: | Spectral phase
convolution and correlation | conjugation for dispersion
among input waveforms. compensation
SDW Inverted Inverted SDW Ultrafast waveform: | True time-inversion for
SDW SDW convolutions among | complex amplitude
waveform, inverted waveform, | waveforms.
and conjugated waveform
SDW Spatial Spatial SDW Ultrafast waveform: | Space-to-time conversion
frequency | frequency convolution and correlation | when one spatial channel
wave wave among input waveform and | is delta function
spatial images
Spatial SDW SDW Spatial Spatial wave: correlation of | Time-to-space conversion
frequency frequency | temporal waveforms | with dispersion
wave wave convolved to spatial wave compensation
SDW Inverted Spatial Spatial Spatial wave: convolution of
SDW frequency | frequency | temporal waveforms
wave wave correlated to spatial wave
Spatial Spatial Spatial Spatial Spatial wave: convolution and
frequency | frequency | frequency | frequency | correlation among  spatial
wave wave wave wave images
SDW Ultrashort | Ultrashort | Ultrashort | Spatial image: Intensity triple | Exact waveform can be
pulse pulse pulse cross-correlation extracted from triple
correlation

representation of (3) does not take into account the space—tiwtgere we assumed that the long aperture duration is negligible

dependence of the propagating waveform. due to the short duration of the ultrafast waveforms (consis-

tent with our assumption of a high-resolution SDW). The image

F. Mixing Spatial Waves With Ultrashort Pulses corresponds to the intensity cross-correlation of the two ultra-
The wave produced by the product of a spatial frequency ifast waveforms, converted to the space domain and permitting
formation wave and an ultrashort pulse is given by single-shot measurement. This approach was used for one of

, the earliest experiments demonstrating time-to-space conver-

Us(z';t) = My <x_> pa(t) exp(—j2wot). (15) sion, albeit with a slower excitonic nonlinear process in a ZnSe

Aok film [23]. It is also possible to perform the time-to-space con-

This signal has no significant signal-processing application th4rsion by placing the nonlinear crystal at the image plane of the
comes to mind. grating instead of at the Fourier plane, as recently demonstrated

[24].
G. SDW-Ultrashort Pulse Mixing
Mixing an SDW with an ultrashort pulse introduces a time |V. ULTRAFAST PROCESSINGWITH FOUR-WAVE MIXING

gating on the wave, resulting in the output second harmonic

ave In a degenerate four-wave-mixing process, three input waves

at the same carrier frequency generate a fourth output wave that
, ct ' wo . wox! is proportional td/,  x® U, U,Uj. The output wave is also at
Us(z'it)y=w|—— | P v pa(t) . : :
Q@ the same carrier frequency as the input waves. Each of the input
x exp(—j2wot) (16) fundamental wavel, U,, andUs can have the form of any one
PA=J2wot)- of the three waves defined by (1)—(3). Table Il summarizes the
Applying a spatial Fourier transform to the output plane, witfiput wave combinations of interest and the resulting processing
the Fourier kernel adjusted for the new carrier frequency, yiel@shieved at the output signal.

)pz(t)w <—c—t> exp(—j2wot). A. SDW Mixing
&
a7 The wave produced by the three input fundamental waves of

We wish to record the output spatial signal by placing a sensifitf form of (1a) is given by
device that integrates the output intensity, such as a charge-cou-

pled device (CCD) camera. The observed image is given by Usa's ) = <_C_t> P <x/w0> P, <x’w0> pr <x’w0>
(8%

al’ al’ 3\ aF
L(@”) = [ ot 02dt~ [0 (t =2V ney at
out\L ) = out\L 3 ~ 1 c 2 . CUO-T/ .
(18) x exp | j —F t | exp(—jwot). (19)

1

Uoui(z";t) x p1 <t —
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pulges nformadion inversion
Relerenoa™nd | Nonlinear %) crystal with
Spactral phase type Il phase matching
CovnLga o
FeiibiRs ™ (el wlh ‘%“'

Dyl |l pliss Msnc g

Complex Input waveform
amplitude '

information
05

|
1
1 . §
g i v ‘
1 L/
1 f I. 1 § i
it waresiorm Reference

N

~—

= 5' pulse AY B B\VA
0

i 3 7 T2 e
=1 LI | || T Time [picosecond] Time [picosecond]
b oal= _;"_‘-.'J'g _-.'|.:'! ..... —'ll.e. _'l:.ll'_

..I'\\I # sl

Fig. 4. Experimental setup for time reversal using spectral inversion with
four-wave mixing. Inset: experimental result showing time reversal of pulses

. . . . . A and B and preservation of chirp sign (dashed line corresponds to simulated
Fig. 3. Experimental setup for time reversal using spectral phase conjugagﬁ{gse function)

with four-wave mixing. Inset: experimental result showing time reversal
pulses A and B and chirp flipping (dashed line corresponds to simulated phase

SnA Tirs | peizadorad

funetion) Applying a spatial Fourier transform yields
Applying a spatial Fourier transform yields - ot ot
Upui(2";t) x y <t — ) w <——) w2 <—) exp(—jwot)
" c o o
Vs (0'51) o (t o ) w? (i) exp(—juwot)  (20) (22)
¢ a wherey(t) = p1(t) @p2(—1)©p3(t) = p1(t)@p2(—t)xps(—1).

The unique feature of this arrangement is that the output wave-
wherey(t) = p1(t) @ p2(t) @ p5(—t) = p1(t) © p2(t) x p3(t) form is proportional to the time-reversed complex amplitude
andx denotes the correlation operation. The new ultrafast wawgaveform of the second channel. We have demonstrated this
formy(e) scans along the output plane at a velocity-ef « and  property for the first time [13], to the best of our knowledge, by
can be coupled to free-space propagation by diffraction fromuging transform-limited pulses far (t) andp(t). The signal
grating identical to the grating at the input plane of the processatave consisted of a pulse pair: a chirped pulse followed by a
The new waveform is proportional to the convolution of the firstansform-limited pulse. As expected, the two pulses exchanged
and second input waveforms with the third waveform, which iscation, while the chirped pulse preserved its chirp sign (see
time-reversed and conjugated. A convolution with the time-rgg. 4).
versed and conjugated signal is equivalent to a correlation oper-
ation. Thus, the output waveform is a combination of a CoNVes g\ and Spatial Wave Mixing |
lution and correlation among the input waveformspilft) and
po2(t) are both transform-limited pulses, the output spectra is aThe wave produced by the interaction of an SDW with two
phase conjugate of the spectrapaft), which is an important spatial frequency information waves is given by
application for dispersion compensation in optical fiber com-

munication links. We have performed the spectral phase coan]— (@) w( ct) P <x/w0> v < z )M* < ' )
= - 1 2

gation experiment (see Fig. 3) with a signal wave consisting ofa**" ° o Ao F 3\ N F
pulse pair: a chirped pulse followed by a transform limited pulse ,

[13]. As expected, the two pulses exchanged location, while the X exp <j “o t) exp(—jwot). (23)
chirped pulse also reversed its chirp sign. All pulses were ob- al’

tained from a millijoule source pulse and processed in a BBO

crystal with cascaded second-order nonlinearities. Applying a spatial Fourier transform yields

B. SDW and Inverted SDW Mixing I "ot b cex” _a _iwed) (24
out(-T 3 )OCZJ c w o exp( Jwo ) ( )

There are several options for choosing which channels to in-
troduce to the processor from the opposite side, such that their .
corresponding SDW will be inverted. When the SDWs of waveéherey(t) = pi(t) © ma(ct/a) ©@ mz(—ct/a) = pi(t) ©

U, and 5 are inverted, the wave produced by the three inpfit2(ct/@) x ms(ct/a). The output ultrafast waveform carries
fundamental waves is given by the correlation information of the two spatial channels. Such

a configuration can be useful for performing a spatial correla-

) ct\ ,[ct ' wo ' wo tion function and transmitting the correlation information to a
Uy(a'st) =w < ) w < ) P <a—F> P, <— ) remote site on a temporal channel. The spatial correlation fea-
ture was demonstrated and is discussed in Section V. When
% P* z'wo P wo’ P one of the spatial channels is a delta function, the result is a

s | —— Jexp|j—1 (—jwot). . : . ;
ol F space-to-time conversion [9], [10] (see Fig. 5). All the input
(21) optical signals were generated from a single millijoule source

«
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pulse; the pulse was stretched with a grating pair for impl I 1
menting the two monochromatic spatial channels. ;ﬁ iR
94 =
D. SDW and Spatial Wave Mixing Il —I
A different arrangement of the input interacting waves prc* -'—T—J
duces the equivalent of real-time time-to-space conversion, srr'fw:w---
ilar to that achieved with spectral holography [25]. The wav '

produced by the interaction of a spatial wave with two SDWs -|!|_
giVen by Scabisl rage channs ]

/ ! !
Py o2 ct T wo « [ £ Wo Fig. 5. Experimental setup for space-to-time conversion with four-wave
U4(a?,t)—w —_—— Ml PQ P3 bt X . . . L R
o M F o’ oF mixing. Inset: experimental result showing conversion of spatial information

(regularly placed slits) to an ultrafast waveform consisting of a pulse sequence
X exp(—jwot). (25) at 1.56-THz repetition rate.

ploma matching o !

Applying a spatial Fourier transform yields Applying a spatial Fourier transform yields

Uoui(2”;1) o y(—a" )w? <_c_t> exp(—jwot) (26) Uput(2"5 1) = y(—2") exp(—jwot) (30)
67
wherey(z) = my(z) @ ma(z) @ my(z) = mi(x) @ ma(z)
ms(x). The convolution and correlation relationship among the
ﬁutspatlal images is typical in holographic signal processing.
I|Z|ng nonlinear wave mixing yields the same results in real

wherey(z) = m1(z) ® pa{az/c) x ps(az/c). The stationary
output signal carries the information of the correlation of th?]
two waveforms, scaled to a spatial dependence, convolved Wit
the spatial signal. Such a configuration can be useful for dlsp
sion cancellation when two waveforms are transmitted along t
same path [7]. When the input spatial signal carries no inform@: Spw and Ultrashort Pulse Mixing
tion (delta function), the output signal results in a time-to-space

conversion by four-wave mixing, achieving the same result as A time-delay parameter is added to one of the ultrashort
holographic four-wave mixing, albeit in real-time. pulses for describing the interaction of an SDW with two

ultrashort pulses. The output wave is therefore given by

E. SDW, Inverted SDW, and Spatial Wave Mixing , ct 2wy Cwor!
. . . . Ug(@st) =w | —— ) P exp | 4 t
It is possible to mix SDW and get a spatial output by wave o al al
mixing an SDW, an inverted SDW, and a spatial frequency in- X pa(£)pi(t — to) exp(—jwot). (31)

formation wave. The resulting wave is given by
Applying a spatial Fourier transform yields

e (2)o(2)n (22) (-2 ~
4('51) w( «)\& ) ar )T aE Uy (2":) =w <—c§) P <t— = )pa(t)pé(t—to)
x M3 <)\§F> exp(—jwot)- (27) X exp(—jwot). (32)

Applying a spatial Fourier transform yields The observed image on a slow detection device such as a film
or camera is described by

oz ct ct .
ety (5 () (3 owtosnt) s

(28) - 1" 2
wherey(t) = py ()@ pa(—t) @mi(—ct/a) = p1(t) ©pa(—t) Z/ ou(a™s )" dt

ms(ct/c). The stationary output signal carries the information - Y
of the convolution of the two waveforms (where one isreversed  ~ ,,2(0) / I <t _ o ) L)Lt —to)dt  (33)
in time) and a correlation with the spatial signal. Such a config- —o0 ¢
uration can be useful to correlate an incoming wavefpiiit) where we used the approximation that the field strength varia-
with a spatial image and requiring a spatial output for subsgon due to the spatial beam mode does not change for the short
quent detection (by using a featureless reference pulse for gifation of the sampling pulse. The image contains the triple
second temporal channel). cross-correlation information of the three input ultrashort wave-
form intensities. The triple correlation requires two time-lag pa-
rameters. In the result of (33), one time-lag parameter is mapped
Three spatial frequency information waves interacting via d& the spatial domain, while the other is set by the relative time
generate four-wave mixing generate an output wave given bylelay between the second and third ultrafast waveforms. If all
2 2 2 the input waveforms to the processor are identical, then the triple
Us(x';t) =M < 3 F) M < ) M3 < ) autocorrelation data can be used to extract the exact intensity
0 profile of the input short pulse. To reconstruct the input wave-
x exp(—jwot). (29) form intensity profile, the complete two-dimensional (2-D) cor-

ade o)

F. Spatial Wave Mixing
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Intensity [a.u.]
o
(@)]

Fig. 6. Experimental setup for the information exchange among two inp O
spatial channels and an input ultrafast waveform. The output ultrafast wavefc _2 - 1 O 1 2
contains the correlation information of the two spatial channels. Tlme in piCOSGCOhdS

relation matrix is required [26]. Using this arrangement woulBg. 7. Ultrafast waveforms containing the correlation information of two

require a sequence of measurements, varying the parametegﬁctangular apertures in the spatlal QOmam. S_olld curve: ultrafast waveform
f h t Asinal hot iant of this techni rom two narrow rectangular spatial signals of identical width. Dashed curve:
or each measurement. A single-shot variant or this tecnnIqu&y§er, unequal rectangular spatial signals, resulting in a trapezoid correlation

described in Section VI. function.

V. SPATIAL CORRELATION FUNCTION CARRIED ON AN

converter based on three-wave mixing with mutually inverted
ULTRAFAST WAVEFORM

SDW. The reference pulse source required for the pulse imager
Mixing spectrally decomposed waves and spatially Fourigras the residual input pulse of the spatial-temporal processor,
transformed images results in an information exchange fter separating it from the output waveform with a polarizing
tween the temporal spectra of the ultrashort pulse and theam splitter. The output signal’s intensity was viewed with a
spatial spectra of the image. The information exchange resiD camera, and the temporal information was extracted from
in waveform synthesis by a space-to-time conversion. e image.
three-wave-mixing arrangement for the information exchangeThe first experiment consisted of placing two variable slits in
results in a temporal signal with a doubled center frequendie spatial channels, implementing a rectangular spatial distri-
When the synthesized waveform is required to have an identibaition. The correlation function of two rectangular signals has
center frequency, a degenerate four-wave-mixing arrangemaritapezoidal shape; the plateau is observed for correlation de-
is utilized, with a second spatial signal consisting of a (featurkxys smaller than the width of the narrower rectangle. When the
less) point source. In this section, the information exchang®o rectangles are of identical width, the correlation function
between the two spatial images and the ultrafast waveformisdriangular. If the width of one of the rectangles is very small
demonstrated (see Fig. 6). (approaching a point source), then the output signal will result
Mixing an SDW and two spatially Fourier transformed imin a space-to-time conversion and resemble a square pulse (gen-
ages using a degenerate four-wave-mixing process results irestion of square pulses using this technique reported in [10]).
output temporal waveform that is a convolution of the input teni-he ultrafast output waveform will contain smoothed features
poral waveform with the correlation of the two spatial imageslue to the convolution operation with the input ultrashort pulse.
properly scaled to a time-domain representation, i1¢) = Additional smoothing is performed in the waveform imaging
p1(t)@ma(ct/a)xms(ct/a). Inthe experiments, a commercialoperation. The experimental results of Fig. 7 precisely illus-
laser system consisting of a Ti: Sapphire ultrashort pulse osdilate the correlation function of rectangular signals described
lator and a regenerative amplifier was used. The system geradvove. A triangular pulse shape was observed for equal rectan-
ates ultrashort laser pulses of 100 fs duration at a center wagetar widths (solid curve), while a trapezoidal pulse shape was
length of 800 nm with an energy level of 1 mJ per pulse. Ninetybserved for unequal rectangular widths (dashed curve).
percent of the emitted output pulse power was utilized for the in- A second experiment was performed with spatial channels
tense quasi-monochromatic light source required by the spattat are coded with pseudorandom masks. The phase mask (for
channels and stretched to a duration of several picoseconds lipplementing values of-1) was prepared by wet-etching the
grating pair. The stretched pulse was split into two beams for irppatial information into a quartz substrate. The spatial informa-
plementing the two quasi-monochromatic spatial channels. Tiien consisted of contiguous equal-width rectangular sections
remaining 10% of the short pulse laser output power was us@éch 75:m) encoded with transmission valuestef according
as the reference ultrashort pulse in the input temporal chanriela 127 maximal length sequence [see Fig. 8(a)]. The max-
The SDWU; is generated by a 600-lines/mm blazed grating thahal length sequence was chosen for the low correlation values
provides an angular dispersion parametervof= 0.48 and a it exhibits for any delay other than zero. When the mask was
lens of F = 375 mm focal length. The four-wave mixing is per-placed in one spatial channel and the second consisted of a
formed by cascaded second-order nonlinearities in a 2-mm-lgmgint source, a space-to-time conversion was performed and
type-1l BBO crystal. Several experiments were conducted the resulting waveform appeared random [see Fig. 8(b)]. When
illustrate this real-time spatial-temporal processing techniqumth spatial channels had an identical mask, a correlation peak
All the output waveforms were observed with a time-to-spa@ the zero delay location appeared [see Fig. 8(c)]. At other
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Fig. 9. Ultrashort pulse trains with different periods to generate a single-shot
1 triple correlation measurement.

pulses. In this section, a single-shot technique based on ultra-
short pulse trains for sampling the SDW is described.

We modify the technique described above by using two ul-
trashort pulse trains instead of the two ultrashort pulses. Gen-
erating a pulse train of identical ultrashort pulses is possible
with waveform synthesis techniques. Additionally, all pulses are

Intensity [a.u.]
o
()]

0 assumed to have an identical waveform. The period between
4-3-2-10123 4 consecutive pulses is different for the two pulse trains. Let one
Time in picoseconds pulse train have pulse separation®f and the othet\,, and
1 ) let A; = A, (see Fig. 9). The resulting output field is given by

see (32
(c) [see (32)]

Uowe(2"3) =w <—%t> D <t - af) <§n:p(t - nAl))
\ A X <§m:p* (t- mA2)> exp(—jwot).  (34)
0

-3 '_2 '_1 ) 0 1 2 3 Since the pulse separatiofs and A, are nearly equal/,
Time in picoseconds will be zero ifn # m. Therefore, we can rewrite (34) as

Intensity [a.u.]
o
(@)

Fig. 8. Ultrafast spatial-temporal processing with pseudorandom information.
(a) Maximal length sequence used for spatial mask information. (b) Synthesized ” ct oz’
(z ;t)sz ——Jplt- p(t —nAp)

space-to-time conversion signal from mask using a point source for second Uout
channel. (c) Correlation function of two identical masks carried on a temporal n

f .
waveform X p*(t — nAq) exp(—jwot). (35)

delay times, the ultrafast waveform had a small signal from t
nonzero correlation values.

This type of processor can be used for transmitting spatl%rl
correlation information via a temporal channel. Such capability
may be important for transmission of information from a hostile Sous () = /°° U (2”5 )2 dt

q‘%e observed image on a slow detection device such as a film
camera is then described by

environment for detection at a safer location. oo
> ct ax’
- [ (Ze(-5) (e
VI. SINGLE-SHOT IMPLEMENTATION OF THE TRIPLE o « c
AUTOCORRELATION "
Wave mixing an SDW and two ultrashort pulses resulted in X p(t —ndAq1)p™(t — nly)
an output plane image that contained some of the triple correla-
tion values, as developed in Section IV. For reconstruction of the "
. : . . . ct ar
original intensity profile of the ultrashort pulse, the entire cor- x <Z w <__> * <t — )
relation matrix is required. Therefore, a sequence of measure- &

ments is necessary to fully characterize the ultrashort pulse in-
tensity. The parameter that is changed between subsequent mea- x p*(t — kADp(t — kD) | dt.  (36)
surements is the relative time delay between the two ultrashort
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Again, since the pulse separatiasg andA, are nearly equal, intensity cross-correlation signal with a reference transform
Sout Will be zero ifn # k. Therefore limited pulse [compare (18) and the intensity of (7), for
example]. The different arrangements offer functional trade-
oo 1 . . .
Sout(2") = Z/ w? _ct o i I(t — nAy) offs among time window c_)f appa.ratus, phase matching, _and
~ ) o c walkoff effects; crystal (or interaction) length; and conversion
efficiency. However, it was not within the scope of this paper
X I(t — 7’LA2) dt
A oo
=Y w? <_C” ) /
n @ —o©
X I(t — nAl)I(t — 7’LA2) dt

to analyze which technique offers the best performance for a
given set of constraints.

The instantaneous nature of wave-mixing processes for
information conversion from the spatial domain to the temporal
domain is best utilized when the spatial information channel
is rapidly changing. In our analysis, we have assumed that the
where we used the approximation that the field strength varispatial information is stationary with respect to the temporal
tion due to the spatial beam mode does not change for the shubrinnel time window. This could be accomplished by a 1-D
duration of each sampling pulse at time nA;. Let us assume fiber array, which supplies synchronized parallel data streams
that A; = A; + . Additionally, with a change of integration (for such telecom-oriented applications, the wave-mixing
variable, (37) can be rewritten as process has to be optimized for the expected low power levels).

If the spatial channel information changes during the time
Sout () % ZwQ <_ an1> /°° I <§ FnAL — 0437”) window of the spectral processor, the output signal will exhibit
&7 oo C
(38)

(37)

different temporal information across its transverse extent. It
should be noted that when the spatial information is varying at
slow rates, alternative Fourier plane processing elements such

, , . . " ) as photorefractives may be employed (spectral holography
The integral in (38) is now identifiable as the triple autocorrelas gy

tion integral, where one lag parameter is mapped to the spatia))jrafast waveform synthesis by space-to-time conversion
domain while the second lag parametenis Each order o can pe performed by three- and four-wave-mixing arrange-
is mapped to a different location on the spatial output (centergfbnis. The degenerate four-wave-mixing arrangement is the
"o H H 1 - L. R R )

ate” = enli/a) and is associated with the lag. There- 56 yseful option, as it is usually desirable to modify an input
fore, the triple correlation matrix values are raster scanned Qfashort pulse to a prescribed waveform without a center
the 1-D output space. Each ordeis also scaled by the input freqyency shift. However, since all the processing is performed
pupil fu_nct|on. This effgct can be accounted for by MeasUr"g, real-time parametric interaction, it is possible to add a wave-
the profile and normalizing the measurement or by ensuring that gth-tuning feature. When utilizing the four-wave-mixing
the mode is uniform. After collecting the 1-D correlation values,ocess with tunable lasers for implementation of the spatial
and assembling the matrix, an algorithm can be applied 10 fig{annels; the center frequency of the synthesized waveform
the exact intensity profile of the ultrashort pulse. The sampling pe shifted by the frequency difference of the two spatial

method described here can be associated with bandwidth aqgpars  in accordance with the energy conservation principle.
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